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SUMMARY
The present thesis is a contribution to unravel the molecular mechanisms that underlie
urodele regeneration. Urodele amphibians (newts and salamanders) are among the
few vertebrates with the remarkable ability to regenerate lost body appendages, like
the limbs and the tail. Urodele tail and limb regeneration occurs via blastemal
epimorphic regeneration. A blastema is a mound of progenitor cells that accumulates
at the amputation plane and eventually gives rise to the missing structures. It is known
today that dedifferentiating muscle fibers at the amputation plane contribute to the
blastema cell pool, but how this process occurs on the cellular and molecular level is
hardly understood, which is in part due to the lack of molecular methods to test gene
function in urodeles. Furthermore, little is known about how coordinated growth and
patterning occurs during urodele regeneration, and if the patterning mechanisms in
regeneration are related to the ones in development. The goal of this study was to
better understand these processes on the molecular level. To address these questions, I
first established several methods in our model systems, which are the mexican
salamander Ambystoma mexicanum (axolotl) and a cell line derived from the newt
Notophthalmus viridescens. In order to monitor gene expression on a cellular level
during regeneration, I worked out a good in situ hybridization protocol on axolotl
tissue cryosections. To be able to test gene function, I established electroporation
conditions to both overexpress genes in the cultured newt cells and to deliver
morpholinos into axolotl cells in vivo and newt cells in culture. I demonstrate here
that morpholinos are an effective tool to downregulate protein expression in urodele
cells in vivo and in culture. Testing the role of two candidate genes in muscle fiber
dedifferentiation, the homeobox containing transcription factor Msx1 and Rad , a
GTP-binding protein of a new Ras-related protein family, revealed that neither seems
to play a major role in muscle dedifferentiation, both in culture and in vivo. In
addition to testing gene function I have examined the muscle dedifferentiation process
in more detail. I show here that dedifferentiating muscle fiber nuclei undergo
morphological changes that are likely due to chromatin remodeling events.
I also demonstrate that the axolotl spinal cord expresses embryonic
dorsoventral (d/v) patterning markers of the neural tube. The transcription factors
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Msx1, Pax7 and Pax6 are expressed in their respective d/v domains in both the
differentiated and the regenerating axolotl spinal cord. Furthermore, the secreted
signaling molecule sonic hedgehog (Shh) is expressed in the floor plate in both the
differentiated and the regenerating cord. Using a chemical inhibitor (cyclopamine)
and an activator of the hedgehog pathway, I discovered that hedgehog signaling is
required for overall tail regeneration. Blocking hedgehog signaling does not only
result in d/v patterning defects of the regenerating spinal cord, but it also strongly
reduces blastema cell proliferation. In addition, I identified cartilage and putative
muscle progenitor cells in the blastema, marked by the expression of the transcription
factors Sox9 and Pax7, respectively. Both progenitor populations are reduced in the
blastema in the absence of hedgehog signaling. The continuous expression of marker
genes for embryonic progenitor cell domains in the mature axolotl may be related to
their ability to regenerate.
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1.1   Epimorphic Regeneration versus Morphallaxis
Regeneration is the ability of the fully developed organism to replace lost body parts
by growth or remodeling of somatic tissues. The capacity to regenerate is widespread
throughout the animal kingdom but the extend to which regeneration occurs is highly
variable in different phyla. Some animals show great ability to regenerate: small body
fragments of starfish, planarians and Hydra can give rise to a whole animal. The
ability of organisms like Hydra and planarians to regenerate may be related to their
ability to reproduce asexually. Among the vertebrates, urodele amphibians have a
remarkable capacity to regenerate their lens, jaws and appendages like the limbs and
the tail, including the spinal cord. Insects and other arthropods can also regenerate lost
appendages, such as legs. The regenerative powers of mammals are much more
restricted. The mammalian liver can regenerate if part of it is removed and fractured
bones can mend by a regenerative process. But mammals cannot regenerate lost
limbs, although they do have a limited capacity to replace lost digits.
The issue of regeneration raises several major questions: Why are some
animals able to regenerate and others not? What is the origin of the cells that give rise
to the regenerated structure? What mechanisms pattern the regenerating tissue and
how are these related to the patterning processes that occur during embryonic
development?
Morgan classified two types of regeneration, based on the absence or presence
of cell proliferation, which are called morphallaxis and epimorphosis (Morgan
1898, Morgan, 1901). During morphallaxis there is little new growth, and
regeneration occurs mainly by the repatterning of existing tissues and the
reestablishment of boundaries. Hydra regeneration is a good example of morphallaxis.
If the body of an intact Hydra is severed in two, regeneration occurs in the absence of
new growth (Holstein et al., 1991; Park et al., 1970). Regeneration initially requires
the respecification of cells at the cut end as “head” or “foot”, leading to the
establishment of an organizing region. The head and foot region produce an inhibitor
that prevents other regions from forming a head or a foot. The concentration of
inhibitor decreases with distance from the source. When the head is removed, the
inhibitor level in the rest of the body falls, and a new head region develops where the
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positional value is highest, thus maintaining polarity. Therefore, in morphallaxis new
boundary regions are first established and new positional values are specified in
relation to them.
In contrast, regeneration in urodele amphibians depends on the growth of new,
correctly patterned structures, and this is known as epimorphosis. In epimorphosis,
new positional values are linked to growth from the cut surface. Today, epimorphosis
is subdivided into two categories: non-blastema and blastema based regeneration.
Non-blastema regeneration occurs via proliferation and transdifferentiation (the
conversion of one differentiated cell type to another, with or without an intervening
cell division) of the remaining tissue into the missing tissue, or by proliferation and
differentiation of stem cells already present in the damaged tissue. Examples of non-
blastema epimorphic regeneration can be seen during lens regeneration of urodele
amphibians whereby remaining cells transdifferentiate to replace lost structures
(Reyer, 1954). In human liver, hepatocytes start dividing upon injury and reform the
lost structures (Michalopoulos and DeFrances, 1997), and bone marrow is known to
contain stem cells which can be differentiated in cultures into osteoblasts,
chondrocytes and even myoblasts (Prockop, 1997).
Blastema is derived from the Greek word meaning sprout or bud, a blastema is
defined in terms of regeneration as being a mound of proliferating undifferentiated
cells that eventually differentiate and replace lost structures. The blastema strongly
resembles a limb or tail bud as seen during development (Gilbert, 1985). Blastemas
are made up of two defined compartments: a superficial sheet of epithelial cells that
covers the bud and an underlying mass of cells of mesenchymal origin (Sanchez
Alvarado, 2000). Like the apical ectodermal cup of the limb bud during development,
the wound epithelium of the blastema is required for regeneration (Capdevila and
Izpisua Belmonte, 2001; Mescher, 1996). Depending on the age and species of the
animal the blastema may form within hours or days, but in all cases the missing
structures are replaced by eventual redifferentiation of cells in the blastema. This type
of epimorphic regeneration is seen in planarian (Brondsted, 1969), echinoderms
(Candia Carnevali et al., 1997), urchordates (Huxley, 1921) and in limbs (Brockes,
1997) and tails (Iten and Bryant, 1976) of vertebrates.
It is striking that diverse phyla such as planarians and urodeles both require
blastemas to regenerate and that these blastemas are so structurally similar (Sanchez
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Alvarado and Newmark, 1998), which brings up the question whether blastema
formation occurs through an evolutionary conserved mechanism. A central question
in regeneration today that could elucidate also this issue is related to the origin of the
blastema: are there special reserve cells or do cells dedifferentiate and change their
character?
1.2 On the Origin of Blastemas
The origin of blastema cells in planarians and urodeles had been a controversial issue
for a long time. It is accepted today that while planarians regenerate via the activation
of totipotent reserve cells, urodele amphibians generate blastema cells to a
considerable extend through dedifferentiation of mature cells at the amputation plane.
1.2.1 Stem Cells versus Dedifferentiation
Morgan observed more than 100 years ago that a tissue fragment of 1/300th of the
body size of a planarian was capable to regenerate the whole animal (Morgan, 1898).
It is known today that the ability of tiny tissue fragments to regenerate the complete
animal is due to totipotent reserve cells called neoblasts that are present throughout
the planarian body (Baguna, 1981). The evidence for this is that implantation of
partially purified neoblasts into irradiated planarians, which have neither functional
neoblasts nor mitotic activity led to blastema formation and long term survival of the
host. In contrast, implantation of differentiated cells never resulted in blastema
formation (Baguna, 1989). Endogenous neoblasts reside in the parenchyma of
planarians. Upon injury they are induced to divide and to migrate towards the site of
injury or amputation, where they accumulate to form the blastema (reviewed in
Reddien and Sanchez Alvarado, 2004).
Spallanzani was the first to describe a urodele blastema in the late 1760’s and
– similar to what is known about neoblasts in planarians today - wondered if the
blastema was simply the product of ‘expanding germs’ (Spallanzani, 1768). From his
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observations until today various theories have been put forth on the origin of urodele
blastema cells, with evidence to support them. The three main origins are 1) reserve
cell source, 3) dermal cell origin and 4) dedifferentiation of mesodermal stump tissue
source. Originally, one theory was that each tissue in a stump generated more of its
own cells following amputation. Later it was shown that even when skeletal elements
were removed from a stump, new bone formed in the regenerate, distal to the plane of
amputation from cells in the blastema (Fritsch, 1911). Weiss postulated that the
blastema forms due to the presence in the limb of undifferentiated reserve cells of
connective tissue origin, which only differentiate when the need arises. His theory
was that these reserve cells give rise to new bone tissue in a limb when the bone has
been removed prior to amputation (Weiss, 1939). Potential reserve or progenitor cells
have been described for muscle in some urodele species like the newt (Cameron,
1986), but their role in regeneration is unclear.
In order to analyse to what extend cells derived from dermis and skeletal
elements contribute to the blastema, Muneoka et al. took advantage of the
triploid/diploid cell marker system in the axolotl (Muneoka et al., 1986). Using this
method they could successfully calculate that 43% of the blastema cell population are
derived from dermis while only 2% of the cells are of skeletal origin. When they
compared this to the availability of these two tissue types at the amputation plane,
dermal cells over contributed by greater than tenfold whereas skeletal elements under
contributed by several fold (Muneoka et al., 1986). In addition to this, dermis has
been shown to have dramatic effects on pattern formation during regeneration such
that a small implant of skin strips of dermis can induce supernumery limbs (Tank,
1981). Skeletal tissue on the other hand appears to have no influence on patterning:
when the skeleton of the limb stump was rotated 180o (Carlson, 1974; Carlson, 1975)
or when a limb stump was supplied with an extra skeletal element (Goss, 1956), no
major effect on the pattern of the regenerate was observed. How dermis actually
influences the patterning of the regenerate is still poorly understood; what is known
about patterning during regeneration is discussed below.
Classical experiments by Butler in 1935 provided evidence that the blastema
cells of the regenerating urodele limb arose from local mesodermal tissues
immediately proximal to the amputated limb (Butler, 1935). Later studies confirmed
this initial evidence: Butler and O’Brian lead shielded an entire salamander larva
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except for its left knee, which was exposed to 2.5-5 kilorads of x-irradiation. When
the shielded ankle was amputated a perfect regenerate formed. Amputation through
the irradiated knee resulted in no regenerate, indicating that further proximal
nonirradiated limb cells could not induce blastema growth from the knee in this
situation. A later amputation through the lead protected thigh of the irradiated limb
resulted in a perfect regenerate, suggesting that the cells for the blastema had to be of
‘local origin’ (Butler, 1942). The authors concluded that the cells dedifferentiate from
the mesodermal cut stump tissues.
More direct though preliminary evidence for how a mature differentiated cell
could dedifferentiate and contribute to the blastema was given by Hay. Observations
from detailed electron micrographs of muscle fibers at the plane of amputation
suggested that muscle fibers lost their myofibrillar structure, their nuclei became
enlarged, and then mononucleated cells budded off into the blastema (Hay, 1959;
Hay, 1961). Hay described that vesicles enclosing a nucleus and a little bit of
cytoplasm formed in the multinucleated muscle fibers; they then fused with the
muscle membrane thus freeing the nucleus with a small amount of cytoplasm from the
rest of the still intact muscle mass (Hay, 1974). Such freed cells would then
proliferate and form the progenitor cells in the blastema. Since Hay’s idea of how
dedifferentiation of mature muscle fibers occurred during urodele regeneration was
deduced from static images, the possibilities remained that the mechanism was
different or that images in fact showed fusion of mononucleated cells to form new
muscle fibers. To confirm her studies, Hay used tritiated thymidine, which
incorporates into dividing cells, and showed that DNA synthesis occurred in muscle
fibers at the same time as the nuclear enlargement and budding (Hay, 1961). This
result suggested that cell cycle entry was initiated prior to formation of the
mononucleated cells, which would then proliferate to populate the blastema. Since the
anatomical descriptions of dedifferentiating cells were controversial it was necessary
to introduce a cell marker or lineage tracer to follow the fate of differentiated cells
through regeneration. Steen implanted a piece of labeled muscle beneath the wound
epidermis, and sectioning at various time points after amputation the label was found
in mononucleated cells of the blastema and eventually in connective tissue and
cartilage of the regenerate (Steen, 1968). What this study could not resolve was
whether the mature muscle fibers were dedifferentiating and thus contributing cells to
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the regenerate, or whether reserve cells in the muscle tissue were actually responsible
for populating the blastema and later forming cartilage.
1.2.2 Experimental Evidence for Muscle Fiber Dedifferentiation
during Urodele Regeneration
Lo provided the first experimental evidence to support the ‘budding off’ theory of
progenitor cell production (Lo et al., 1993). Lo implanted size selected multinucleated
newt myotubes, which had been formed in culture and injected with rhodamine
dextran, into a regenerating newt limb. After one week, the lineage label was found in
mononucleated cells. The number of labeled cells indicated that at least 15-20% of
implanted myotubes must have undergone dedifferentiation. The average number of
mononucleated cells increased over time, suggesting that cell division had occurred.
Upon differentiation of the regenerating limb the label was found in cartilage cells,
which implied that myotube derived cells were not restricted to the muscle lineage but
could transdifferentiate into cartilage. Similar results were obtained when the
implanted myotubes were marked with an integrated retroviral marker (Kumar et al.,
2000). Kumar showed that some nuclei of retrovirally labeled implanted myotubes
incorporated BrdU, indicating that they reentered S-phase. If exactly those nuclei later
budded off the myotube was not clear. It is not known today in what stage of the cell
cycle the nuclei of dedifferentiating muscle fibers are. Velloso showed that cell cycle
reentry is not required for myotube dedifferentiation. Cultured labeled myotubes that
were blocked to enter the cell cycle by x-irradiation or overexpression of the cell
cycle inhibitor p16 could still fragment into mononucleated cells upon implantation
into the regenerating newt limb (Velloso et al., 2000).
The first evidence of endogenous muscle fiber dedifferentiation during urodele
regeneration was provided by, Echeverri. In this study rhodamine dextran was
pressure injected into single multinucleated muscle fibers of the axolotl tail in vivo.
Upon clipping of the labeled fiber by tail amputation or injury it dedifferentiated 3 to
5 days later into proliferating mononucleated cells, such as the myotubes in Lo’s
studies (Echeverri et al., 2001). Calculating the frequency at which dedifferentiation
occurred revealed that approximately 29% of non-dermis-derived blastema cells came
Chapter 1 20
from dedifferentiating muscle. It was concluded from this that muscle
dedifferentiation makes a significant contribution to the regeneration blastema
(Echeverri et al., 2001). Unfortunately, the muscle fiber nuclei were not monitored in
this study, so no further insight into how the budding process occurred in detail was
given. Furthermore, the dextran label fainted after several days and several cell
divisions, which made it impossible to identify the long term fate of dedifferentiating
fibers.
The possibility to culture newt myotubes is a convenient method to study
muscle dedifferentiation in a more amenable cell culture system. Newt myoblasts
derived from limb tissue explants are able to divide in culture for at least 200
generations without any signs of crisis or senescence (Ferretti and Brockes, 1988).
When newt myoblasts are placed in low serum medium they can fuse into
multinucleated myotubes that express known markers of muscle differentiation like
myosin heavy chain (Lo et al., 1993). In contrast to differentiated mammalian
myotubes, newt myotubes can enter and traverse S-phase after serum stimulation in
culture (Tanaka et al., 1997). Upon serum stimulation the nuclei of newt myotubes
double their DNA and become arrested in G2. S-phase entry occurs through
phosphorylation of the retinoblastoma (RB) protein, but it is not due to the presence
of typical growth factors in serum (Tanaka et al., 1997). The identity of the serum
factor is still unknown but it could be a signal related to wounding or clotting that acts
on muscle fibers and other differentiated cells in vivo. Serum is the soluble fraction of
clotted blood and results from the activation of prothrombin to generate the serine
protease thrombin. Thrombin activates the clotting cascade and various other events
that mediate the response to injury. When crude prothrombin is activated in vitro, the
resulting thrombin preparations contain a distinct activity that stimulates newt
myotbues directly in serum-free media to enter S-phase (Tanaka et al., 1999). The fact
that differentiated newt myotubes but not mammalian myotubes do activate upon
serum stimulation a conserved pathway that leads to reentry into the cell cycle is
suggestive that the regulation of this pathway is important for regeneration. Although
fragmentation of newt myotubes has not been observed yet in culture, S-phase reentry
of the differentiated tubes clearly represents one aspect of muscle cell
dedifferentiation.
Chapter 1 21
1.2.3 Molecular Mechanisms of Muscle Fiber Dedifferentiation
As much as muscle fiber dedifferentiation has been discussed as a source of blastema
cells in urodele regeneration, as little is known about the molecular mechanisms
underlying it. The poor molecular knowledge is mainly due to the lack of methods
that would allow testing gene function in urodele cells in culture and in vivo. The
methods that have been used so far in urodele regeneration to test genes are restricted
to bead implantations and drug treatments (Roy and Gardiner, 2002; Zhang et al.,
2000).
In contrast to the technical limitations in urodeles, gene function can easily be
assessed today in mammalian cells by transient gene transfections and by the use of
genetically modified organisms. This might be the reason why candidate genes
suggested to be involved in muscle fiber dedifferentiation have been tested in
mammalian cells first, even though these cells were not known to have the capability
to undergo dedifferentiation. Mouse myotubes that were induced to overexpressed the
homeobox gene Msx1  were shown to fragment and to form proliferating
mononucleated cells in culture (Odelberg et al., 2000). Previous studies had indicated
that Msx gene expression occurs in proliferating progenitor cells in vivo and that
Msx1 overexpression in myoblasts inhibits muscle differentiation in culture (Koshiba
et al., 1998; Song et al., 1992; Woloshin et al., 1995). Odelberg et al. showed that in
20-50% of Msx1 transfected myotubes the expression of myogenic regulatory genes
like MyoD, myogenin and MRF4 was reduced. About 9% of the myotubes cleaved
into smaller myotubes and mononucleated cells that proliferated. In some cases the
progeny of a single myotube propagated and differentiated into chondrogenic,
adipogenic or myogenic lineages, depending on the culture conditions (Odelberg et al,
2000). Msx1 has also been found to be upregulated during axolotl limb regeneration
(Koshiba et al., 1998), and it has been proposed to be a master regulator of muscle
dedifferentiation that can even induce fragmentation of mammalian myotubes
(Oderlber et al., 2000). The role of Msx1 in urodele muscle cells has not been tested
so far.
Another candidate gene for muscle dedifferentiation that has also not been
tested in urodeles so far is newt Rad (Ras associated with diabetes). Rad is a GTP-
binding protein of a new Ras-related protein family (Reynet and Kahn, 1993). Newt
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Rad was found to be upregulated in vivo specifically in the muscle fibers at the
amputation plane during newt limb regeneration (Shimizu-Nishikawa et al., 2001). In
addition, overexpression of human Rad in cultured melanoma cells led to enhanced
DNA synthesis in response to serum, whereas a dominant negative version of Rad did
not have this effect (Zhu et al., 1999). The expression in vivo and the functional data
suggest that Rad is an interesting candidate gene to study during urodele muscle fiber
dedifferentiation. Such studies await the establishment of functional assays to test the
roles of genes in urodele regeneration.
1.2.4 Nuclear Reorganization during Dedifferentiation
Based on electron micrographs Hay described in the late 1950s the intracellular
changes of dedifferentiating muscle fibers. She observed that the fibers lost their
myofibrillar structures, that their nuclei became enlarged with more prominent
nucleoli, and that the number of free cytoplasmic ‘ribonucleoprotein granules’
increased in the cytoplasm (Hay, 1959). Hay’s descriptions represent the only
available information today of intracellular changes occuring during muscle
dedifferentiation. In contrast to the situation in muscle, substantially more is known
about dedifferentiating plant cells and somatic cells that dedifferentiate in the process
of cloning.
Differentiated plant cells retain an enormous plasticity, as a single somatic cell
is capable of regenerating the entire plant through dedifferentiation, proliferation and
the acquisition of new fates (Takebe, 1971). The process of dedifferentiation has been
studied in detail in the differentiated, nondividing mesophyll cells of the tobacco
plant. Differentiated mesophyll cells respond to enzymatic removal of the cell wall by
undergoing dedifferentiation, thus becoming pluripotent protoplasts (Takebe, 1971;
Zhao et al., 2001). At this stage, additional signals determine cell fate: phytohormones
like auxin and cytokinin induce reentry into S-phase and proliferation, auxin by itself
may induce redifferentiation (Valente, 1998), whereas in the absence of hormonal
application, cells die (Zhao et al., 2001). The first step and the distinguishing feature
of dedifferentiation is the acquisition of pluripotency, which occurs before S-phase
reentry and trans- or redifferentiation. Dedifferentiation must go along with
remarkable changes in gene expression (Galun, 1981; Jamet et al., 1990;
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Michalopoulos and DeFrances, 1997), as cells switch from a program that drives the
specific function of a somatic cell to a new one directing either reentry into the cell
cycle, cell death, or trans- or redifferentiation. Very likely, for a cell to change its
gene expression program a new balance between euchromatin (actively transcribed
genome) and heterochromatin (repressed genome) has to be established. Dynamic
changes in chromatin structure and function are directly influenced by DNA
methylation as well as by methylation, acetylation and phosphorylation of the amino
terminal tails of histones (Grewal and Moazed, 2003; Jenuwein and Allis, 2001;
Zhang and Reinberg, 2001). For example, methylation of Histone 3 at lysine 9 by
histone H3-K9 methyltransferase Suv39h1 (Rea et al., 2000) recruits heterochromatin
protein 1 (HP1) (Bannister et al., 2001; Lachner et al., 2001), a chromodomain protein
that is involved in the assembly of heterochromatin and gene silencing (Cavalli and
Paro, 1998). Conversely, acetylation of histones is often associated with ‘open’
chromatin configuration and gene transcription (reviewed by Eberharter and Becker,
2002). Monitoring chromatin structure in the plant protoplast system revealed two
distinct phases of chromatin decondensation: an early phase that occurs during
acquisition of pluripotentiality followed by a second phase that precedes reentry into
S-phase (Zhao et al., 2001). Acquisition of pluripotentiality was accompanied by
increased acetylation of histone H3, redistribution of HP1, as well as by disruption of
the nucleolar domain along with condensation of the 18S ribosomal DNA (Williams
et al., 2003). Moreover, chromatin decondensation appeared to be subdomain specific,
leading to the activation of silent genes such as NAM (NO APICAL MERISTEM)-
like genes (Avivi et al., 2004) that may confer pluripotentiality in plants, similar to
Oct3/4 in animals (Duval et al., 2002; Pan et al., 2002; Souer et al., 1996). Also Oct4
was shown to be activated in mammalian somatic nuclei upon transplantation into
Xenopus oocytes (Byrne et al., 2003). Chromatin reorganization has been reported in
various dedifferentiating eukaryotic cells. Egg cytoplasm for example has the
capability to reprogram differentiated somatic nuclei, as shown by nuclear
transplantation in animal cloning (Rideout et al., 2001; Solter, 2000). Chicken
erythrocytes incubated in Xenopus egg cell-free extract displayed two distinct phases
of chromatin decondensation before reactivation of DNA synthesis (Blank et al.,
1992). Similar to plant protoplasts, somatic nuclei transplanted into Xenopus egg
extracts showed rapid and reversible disassembly of nucleoli (Gonda et al., 2003;
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Kikyo et al., 2000), suggesting that structural reorganization of nucleoli is a common
feature of dedifferentiating cells both in plants and animals. Chromatin prepared from
regenerating Owenia fusiformis (polychaete annelid) 12 hours after amputation was
more accessible than that of intact animals to nucleases, suggesting that chromatin
decondensation had occurred (Fontes et al., 1980). Taken together, these data suggest
that chromatin reorganization underlies dedifferentiation and precedes switch in cell
fate.
1.3 Spinal Cord Regeneration
1.3.1 Central Features of Urodele Ependymal Cells
Urodele amphibians are the only tetrapod vertebrates that can functionally regenerate
all regions of the spinal cord as adults. The urodele spinal cord consists of a neural
canal surrounded by a layer of radial glia cells that extend processes out towards the
pial surface. The radial glia cell layer is surrounded on the outside by an astrocyte
layer and on top of that lie the neuronal cell bodies and axons (Zamora, 1978). The
mature urodele spinal cord differs from that in birds and mammals in that it maintains
a network of radial glial cells that extends from the ventricular surface to the pial
surface throughout life. Whether these radial glial cells that are interchangeably
referred to as ependymal cells are homologous to mammalian ependymal cells is
unknown. Structurally, axolotl ependymal cells are more similar to the mammalian
embryonic ependymal cells than to those of adult animals. A characteristic feature of
urodele ependymal cells is the expression of glial fibrillary acidic protein (GFAP)
(Arsanto et al., 1992). GFAP is an intermediate filament found in mature astrocytes.
In mammals, GFAP is not normally expressed in mature radial glia cells but is
upregulated during glia cell maturation – for example in the developing primate
cortex (Choi, 1981; Levitt and Rakic, 1980) - and in response to central nervous
system injury (Chen and Liem, 1994). It has also been shown that primate radial glia
cells can transform into astrocytes at later stages of brain development, after
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neurogenesis and neuronal migration are completed (Culican et al., 1990; Voigt,
1989). This is interesting in light of recent research suggesting that astrocytes are
stem cells in the adult telencephalon (Doetsch et al., 1999). Vimentin, another
intermediate filament protein is coexpressed with GFAP during astrocyte maturation
but is not found in axolotl radial glia cells (O'Hara et al., 1992). An unusual feature of
the urodele central nervous system is its ability to continuously generate new neurons
at low level throughout life. Tritiated thymidine studies have shown neurogenesis in
the mature axolotl spinal cord (Holder et al., 1991). These data suggest that in contrast
to mammals, some cells within the mature spinal cord of urodeles retain a neurogenic
role even in the absence of any injury and this may be related to their ability to
regenerate.
During urodele tail regeneration, the ependymal cells at the amputation plane
grow out as an independent tube and eventually regenerate all the cell types of the
spinal cord (Benraiss et al., 1999; Egar et al., 1970; Nordlander and Singer, 1978).
Within 3 days post-amputation (dpa) a terminal vesicle forms at the end of the
ependymal tube. The function of the terminal vesicle is not clear but its function is
thought to seal off the cut end of the spinal cord (Holtzer, 1956). In addition to
increased proliferation, ependymal cells in the mature spinal cord also migrate out to
populate the regenerating ependymal tube (Egar and Singer, 1972; Holtzer, 1956;
Piatt, 1955). Mitotic figures are seen in equal numbers along the length of the
ependymal tube, suggesting that growth occurs by intercalation and not from one
specific growth zone (Holtzer, 1956). Zhang et al. have shown that even post-mitotic
neurons at the amputation plane translocate into the regenerating spinal cord (Zhang
et al., 2003). The neurons may be pushed or carried into the regenerate by the
proliferation, cellular rearrangement and migration of the ependymal cells
surrounding them. So far, there is no evidence for neuron dedifferentiation during
spinal cord regeneration. Interestingly, it was demonstrated recently that the
expression of both vimentin and nestin – two intermediate filaments associated with
neural stem cells in mammals – is induced in the ependymal cells during newt tail
regeneration (Walder et al., 2003), indicating that the ependymal cells at the
amputation plane change their character to a stem cell-like state during tail
regeneration. A remarkable plasticity of regenerating ependymal cells has recently
been demonstrated in vivo by single cell labeling and lineage tracing experiments.
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Echeverri showed that in addition to forming neurons, single ependymal cells exit the
ependymal tube during axolotl tail regeneration and transdifferentiate into
mesodermal tissues such as muscle and cartilage (Echeverri and Tanaka, 2002). The
frequency at which transdifferentiation occurred was such that in 24% of the cases
and animals examined labeled ependymal cells formed muscle and in 12% cartilage
(Echeverri and Tanaka, 2002). This represents the first evidence for ectoderm to
mesoderm lineage switching during axolotl tail regeneration. If all the cells in the
ependymal tube or only a subset of them have this remarkable ability to
transdifferentiate is not known yet. Since it has been shown that ependymal cells can
contribute to blastema-derived tissues during axolotl tail regeneration the question has
arisen whether blastema cells also contribute to the regenerating spinal cord?
Holtzer demonstrated in 1956 that the spinal cord has an inductive activity on
the tail blastema. After 180o rotation of a mature spinal cord segment in the tail
around its dorsoventral (d/v) axis and amputation through the operated region, the
spinal cord and the surrounding tissue regenerated upside down with respect to d/v
polarity (Holtzer, 1956). The morphology of the regenerating spinal cord indicated
that the ventral side was up and in addition cartilage formed next to this ventral side
(Holtzer, 1956). These data suggested that the ventral ependymal tube induces
cartilage formation during urodele tail regeneration. This implies that the regenerating
spinal cord contains d/v polarity that is transmitted from the mature spinal cord at the
amputation plane to the regenerate. Holtzer also showed that the presence of the
mature spinal cord at the amputation plane is essential for regeneration to occur, if the
mature segments adjacent to the plane of amputation are removed after transection,
the wound heals over but no blastema forms until the spinal cord regrows to reach the
original position (Holtzer, 1956).
In contrast to urodele regeneration, the spinal cord is not required for Xenopus
tail regeneration (Akira Tazaki, personal communication). Xenopus can regenerate
their tails and limbs as tadpoles but lose this ability upon metamorphosis (reviewed in
Slack et al., 2004). Also dedifferentiation and transdifferentiation does not seem to
occur in regenerating Xenopus tadpoles. Lineage tracing experiments from
transgenically marked tissues implanted into an unlabeled host indicated that
metaplasia (the conversion of one cell or tissue type into another) does not occur
during Xenopus tail regeneration (Gargioli and Slack, 2004). The spinal cord,
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notochord and muscle all regenerated from the corresponding tissue in the stump, and
in the case of muscle the satellite cells are suggested to provide the material for
regeneration (Gargioli and Slack, 2004). Also upon examination of single tail muscle
fibers during regeneration dedifferentiation was not observed (Akira Tazaki, personal
communication). In addition to the mechanistic differences between planarian and
urodele blastema formation, the Xenopus data are a first indication that the molecular
mechanisms underlying regeneration in more closely related urodele and anuran
amphibians are also not conserved.
1.3.2 Molecules that Play a Role in Spinal Cord Regeneration
Epidermal growth factors (EGF) and fibroblast growth factors (FGF) are known to be
required for both embryonic and adult mammalian neural stem cell propagation in
vivo and in culture (Craig et al., 1996; Kilpatrick and Bartlett, 1993; Ray et al., 1993;
Reynolds and Weiss, 1992). In vitro studies on urodele cells however indicated that
not FGF but EGF and platelet derived growth factor (PDGF) are mitogenic for
ependymal cells in culture (O'Hara and Chernoff, 1994). Nothing is known about the
role of these growth factors during urodele spinal cord regeneration in vivo. FGF2 is
upregulated after spinal trauma in mammals (Mocchetti et al., 1996) and endogenous
FGF2 has been shown to improve neuronal survival and functional recovery in
injured spinal cords (Rabchevsky et al., 2000). The mechanisms of action might
involve apoptosis, as FGF2 has been shown to prevent caspase 3 activation in
neuronal cells in vitro (Miho et al., 1999). In the urodele Pleurodels waltl, there is an
early upregulation of FGF2 in the spinal cord after amputation (Zhang et al., 2000).
Expression of FGF2 parallels that of markers of proliferation in the regenerating cord.
Upon implantation of FGF coated beads in vivo, cell proliferation increased within
the ependymal tube, which suggests a role for FGF2 in sustaining proliferation of
progenitor cells during regeneration (Zhang et al., 2000). This idea is consistent with
a FGF2 requirement for proliferation of mammalian neural progenitors in several in
vitro systems. FGF receptors (FGFR) are further differentially regulated during
urodele spinal cord regeneration (Zhang et al., 2002). Their pattern of expression
suggests that while FGFR1 may mediate the mitogenic effects of FGF2 in the
regenerating spinal cord, FGFR4, whose level peaks at later stages of regeneration,
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may play a potential role in neural differentiation. This effect may be regulated by
other FGFs also, supporting the idea of multiple roles for FGF signaling during spinal
cord regeneration (Zhang et al., 2002). It may be interesting to note that FGF2 can
regulate GFAP expression in cultured cortical progenitor cells of the rat (Song and
Ghosh, 2004). FGF2 treatment was shown to induce a change in histone 3
methylation from lysine 9 to lysine 4 in the GFAP promoter region, which facilitated
ciliary neurotrophic factor (CNTF)-mediated induction of GFAP gene expression in
these progenitor cells (Song and Ghosh, 2004).
1.4 Positional Identity
As mentioned before, in epimorphic regeneration positional identity is linked to
growth from the cut surface. Where it is encoded in the stump tissue and how this
information is propagated into the regenerate is not known. Most of what is known
today about positional identity in urodele regeneration is derived from classical
transplantation studies.
When a distal blastema from the wrist level is transplanted onto a shoulder
stump a proximal blastema does still form. In this case a normal limb regenerates in
which the structures between the shoulder and the wrist are regenerated by growth
from the proximal blastema, whereas the wrist blastema is pushed distally and
eventually gives rise to the hand (Iten and Bryant, 1975; Pescitelli and Stocum, 1980;
Stocum, 1975). This kind of regeneration is called intercalary regeneration. In the
converse experiment, when a proximal blastema is transplanted onto a distal blastema,
no intercalary regeneration occurs but a whole new limb is regenerated from the
proximal blastema, resulting in limb duplication (Stocum and Melton, 1977). These
studies indicated that proximodistal identity is encoded in the stump tissue and is an
intrinsic property of the early blastema. When cells with different proximodistal
information are placed next to each other, the intermediate values are regenerated by
intercalary regeneration in a proximal to distal direction only, indicating that a
blastema exclusively gives rise to more distal structures (known as the ‘rule of distal
transformation’). Juxtaposition of limb blastema cells from different proximodistal
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levels in vitro has shown that these cells have different cellular properties (Crawford
and Stocum, 1988; Nardi, 1983; Pescitelli and Stocum, 1980). In a hanging drop
culture the more proximal blastema mesenchyme engulfs the distal one, whereas two
blastemas from the same position maintain a stable boundary. This behavior suggests
a difference in the surface adhesivity of blastema cells along the proximodistal axis.
Retinoic acid (RA) is known to be able to reprogram the positional identity of
blastema cells. When a wrist blastema is exposed to RA, it can regenerate an entire
arm or serial duplications of proximal structures, indicating that RA proximalizes the
distal blastema (Maden, 1982) and thus breaks the rule of distal tansformation. The
extend of proximalization is dose and time dependent. The blastema is most sensitive
to RA at early stages of dedifferentiation and proliferation. Searching for genes that
are upregulated in response to RA during limb regeneration, CD59 was found, a GPI-
anchored cell surface molecule that is expressed in the intact and regenerating limb
(da Silva et al., 2002). Furthermore, CD59 expression is elevated in the proximal
versus the distal limb blastema suggesting that higher levels of CD59 are associated
with proximal identity (da Silva et al., 2002). Interestingly, overexpression of CD59
in distal blastema cells in vivo led to proximalisation of these cells such that they
translocated into the upper arm instead of the hand as control distal bastema cells did
during limb regeneration (Echeverri and Tanaka, 2005). These assays indicate that
proximodistal identity is at least in part manifested on the cell surface and that it can
be changed by RA.
It has been demonstrated that during chick limb development the homeobox
containing transcription factor Meis1 plays an important role in proximodistal limb
identity (Mercader et al., 1999). Overexpression of Meis1 in developing chick limbs
induced distal to proximal transformations (Mercader et al., 1999). It was shown that
endogenous RA is an upstream activator of Meis1 that is essential to maintain the
proximal Meis domain in the limb (Mercader et al., 2000). RA production and
signaling is restricted to the proximal chick limb by FGF signaling from the apical
ectodermal ridge (Mercader et al., 2000). This suggests that FGF has a specific
function in promoting distalization through inhibition of RA signaling and
production. If the same opposing signals of RA and FGFs control proximodistal limb
regeneration through Meis  genes in the urodele remains to be determined. The
proximalizing activity of RA in both systems suggests that similar molecular
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pathways underlie proximodistal specification during limb development and
regeneration.
A clue for positional identity during regeneration could be given by the Hox
proteins. Hox proteins are homeodomain containing transcription factors that are
expressed in clusters along the anterioposterior and proximodistal body axis, thereby
specifying positional identities during development. Studies in Drosophila and
Xenopus have shown that Hox proteins control key developmental events (Akam,
1987; Nusslein-Volhard et al., 1987; Wright et al., 1989). Mammalian Hox proteins
display temporally restricted expressions patterns during embryogenesis (Goulding
and Gruss, 1989). In contrast, some Hox gene expression was shown to persist in the
adult urodele along the anteroposterior body axis (HoxC cluster) and along the
anteroposterior and proximodistal (HoxA cluster) limb axis (Beauchemin et al., 1994;
Belleville et al., 1992; Nicolas et al., 2003; Simon and Tabin, 1993). Newt homologs
of the Hox3 (HoxC) gene cluster for example are still expressed in adult newt limbs
and tails (Simon and Tabin, 1993). Genes of the HoxC cluster are also expressed in
the same spatial order as during development along the anteroposterior axis of the
adult newt central nervous system, and the expression strongly increased during tail
regeneration (Nicolas et al., 2003). The same increase in expression during tail and
limb regeneration was observed for HoxA11, another Hox protein that is also present
in the adult newt intact limb and tail (Beauchemin et al., 1994). The persistence of
Hox gene expression in the adult and the upregulation of certain Hox genes during
regeneration indicate that embryonic patterning information is kept in the adult
urodele and may be used to provide positional information for regeneration.
Interestingly, not all Hox genes show the same spatial and temporal expression
patterns during regeneration as during development. HoxA9 and A13 for example are
coexpressed in the same population of stump cells after limb amputation, giving these
cells a distal identity, regardless of the proximodistal level of amputation (Gardiner et
al., 1995). These data suggest that distal specification of the blastema occurs very
early during limb regeneration and that normal regeneration might actually proceed
through intercalary regeneration between the stump and the distally specified
blastema.
A developmental pathway likely replayed during regeneration is the one that
underlies anterioposterior identity of limbs. Torok showed that Sonic hedgehog (Shh)
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is expressed in the posterior limb blastema 3 days post-amputation, similar to Shh
expression in the developing limb bud (Torok et al., 1999). Furthermore, blocking
hedgehog signaling with the chemical inhibitor cyclopamine led to anterioposterior
patterning defects and digit loss during limb regeneration (Roy and Gardiner, 2002),
like in the developing limb of the Shh knock-out mouse (Chiang et al., 1996). These
data indicate that Shh plays similar roles in anterioposterior specification of the limb
during development and regeneration.
In contrast to what is known about positional identity in limb regeneration
little is known about it in tail regeneration. Hox gene expression in the adult urodele
is a first hint on how positional identity could be encoded in the tail, but there is no
evidence for what role exactly the Hox genes play during regeneration. A question is
if also embryonic dorsoventral information persists in the mature tail and spinal cord
as positional identity cues, and whether or not these cues have to be reestablished de
novo during regeneration. Holtzer showed that rotation of the mature spinal cord
about its d/v axis resulted in a tail regenerate with inversed d/v polarity (Holtzer,
1956), indicating that d/v identity in the mature spinal cord at the amputation plane is
transmitted unchanged into the regenerate. Where this information is encoded exactly
and how it is transmitted into the regenerate is not known. Another question is how
the developmental pathways for growth and patterning that are likely reapplied during
regeneration (like FGFs, Shh) are induced in the context of regeneration. More work
on the molecular level and methods to test gene function in the urodele are required to
answer these questions.
1.5 Towards Understanding the Mammalian Regeneration
Potential
It is certainly of major interest to understand why urodele amphibians can regenerate
their limbs and spinal cord and why mammals cannot. Are urodeles and mammals
fundamentally different, or might it be possible to induce regeneration in mammals as
soon as the molecular mechanisms underlying urodele regeneration are better
understood? Urodeles keep a great capability for regeneration throughout life but
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mammals lose their ability to regenerate complex tissues during embryogenesis or
shortly after (Iwashita et al., 1994; Saunders et al., 1998; Terman et al., 2000). The
question is if mature mammals have a latent potential for regeneration that could be
activated if given the right signals? It is known for example that progenitor cells are
present in the adult mammalian muscle and bone that allow regeneration of these
tissues after injury. In addition, neural stem cells have been found in the adult
mammalian brain (Doetsch et al., 1999), suggesting that also certain regions in the
central nervous system have regenerative potential. Regeneration in the central
nervous system can further be improved by preventing inhibitory molecules from
acting (Fouad et al., 2004). Apart from regeneration via activated progenitor cells the
question is if dedifferentiation could be induced in mammals. Following spinal cord
injury, upregulation of the embryonic marker genes Pax6 and Pax7, that are
associated with growth and patterning of the spinal cord in the embryo, indicates that
a first regenerative response occurs also in mammalian tissues that eventually do not
regenerate (Yamamoto et al., 2001). It is not clear though whether the upregulation of
embryonic markers is the result of expanding ‘embryonic-like’ cells that are present
in low amounts in the adult spinal cord or whether adult spinal cord cells can actually
dedifferentiate to reexpress these markers. It has been shown that genes so far
associated exclusively with embryonic development, like Shh and Msx1, are still
expressed in certain regions of the adult brain (Palma et al., 2005; Ramos et al., 2004;
Traiffort et al., 1998), suggesting that these brain regions may have a greater potential
for regeneration. More detailed analysis is required to fully understand this issue.
Several studies on cultured mouse myotubes indicate that their differentiation state
can be reversed. Overexpression of Msx1 or treatment with myoseverin or blastema
extract led to fragmentation of mouse myotubes, reentry into the cell cycle,
proliferation, and re- and transdifferentiation (McGann et al., 2001; Odelberg et al.,
2000; Rosania et al., 2000). In addition, in hybrid myotubes - that are formed by
fusion of mouse myoblasts with newt myoblasts – also the mouse nuclei do enter S-
phase in response to serum (Velloso et al., 2001). These data suggest that mammalian
cells are able to dedifferentiate if given the right signals. It will be important in the
future to determine the molecular similarities and differences in the regenerative
responses of urodeles and mammals in order to understand and use the mammalian
regeneration potential.
Chapter 2
Morphological and Cellular Characterization of
Muscle Fiber Dedifferentiation during Tail
Regeneration in Ambystoma mexicanum
(axolotl)
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2.1 Introduction
Urodele amphibians have the ability to perfectly regenerate their limbs and tails after
amputation. Following wound healing, a pool of progenitor cells is formed at the
plane of amputation, called the blastema, which gives rise to the missing structures. It
has long been a question in urodele regeneration where the blastema cells come from
and what their potential is. Based on static images of regenerating limbs, classical
experiments had suggested that mature cells at the amputation plane, like
multinucleated muscle fibers, dedifferentiate to produce progenitor cells for
regeneration (Hay, 1959; Thornton, 1942). On electron microscopic images
mononucleated cells appeared to ‘budd off’ the mature muscle fibers at the
amputation plane and populate the blastema (Hay, 1959). Furthermore,
dedifferentiating muscle fibers seemed to lose their myofibrillar structures, to have
enlarged nuclei with prominent nucleoli and increased numbers of free cytoplasmic
ribonucleoprotein granules (Hay, 1959). The dedifferentiation theory was supported
later by the use of labeled cultured myotubes that were shown to fragment into
proliferating cells upon implantation into the newt limb followed by amputation
(Kumar et al., 2000; Lo et al., 1993). Some cells derived from the dedifferentiating
myotubes differentiated later into cartilage (Lo et al., 1993), indicating that these cells
were not restricted to the muscle lineage and could transdifferentiate. Although some
of the nuclei in implanted myotubes entered S-phase (Kumar et al., 2000), cell cycle
reentry was not required for dedifferentiation since myotubes that were blocked to
enter the cell cycle could still fragment after implantation into the newt limb (Velloso
et al., 2000). More recently endogenous muscle dedifferentiation has been confirmed
to occur in vivo by lineage tracing experiments, suggesting that muscle fiber
dedifferentiation is a major contribution to the axolotl tail blastema (Echeverri et al.,
2001). In this study single muscle fibers in the axolotl tail were pressure injected with
rhodamine dextran and followed live through the process of dedifferentiation.
Between 25 and 40% of the labeled fibers at the amputation plane fragmented 3 to 5
days after tail amputation into rapidly proliferating cells. Since the dextran was
located in the cytoplasm the muscle fiber nuclei were not monitored in these
experiments. Furthermore, the dextran label fainted after several days (due to
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degradation and/or multiple cell divisions), which made it impossible to determine the
long term fate and thus the potency of the muscle-derived cells.
While the molecular changes during muscle fiber dedifferentiation in urodeles
are still poorly characterized, quite a bit is known about dedifferentiating plant cells.
Differentiated plant cells retain an enormous plasticity throughout development as
they are able to regenerate an entire plant from a single somatic cell (Takebe, 1971)
through dedifferentiation, proliferation, and the acquisition of new fates. Fully
differentiated nondividing mesophyll cells of the tobacco plant for example aquire
pluripotency after enzymatic degradation of the cell wall, which leads to the
generation of pluripotent protoplasts (Zhao et al., 2001). The transition of a
differentiated mesophyll cell into the cell cycle occurs in two distinct phases:
dedifferentiation and a signal-dependent reentry into S-phase (Zhao et al., 2001). Both
phases are accompanied by chromatin decondensation events. At the same time
acetylation of histone H3, redistribution of heterochromatin protein 1 (HP1) and
disruption of nucleolar domains were observed (Williams et al., 2003). Similar to
plant protoplasts, somatic nuclei transplanted into Xenopus egg extracts showed rapid
disassembly of nucleoli (Gonda et al., 2003; Kikyo et al., 2000) suggesting that
structural reorganization of nucleoli is a common feature of dedifferentiating cells
both in plants and animals. Taken together these data suggest that chromatin
reorganization underlies dedifferentiation and precedes switch in cell fate.
In order to characterise the muscle dedifferentiation process during axolotl tail
regeneration in more detail, and to follow the fate of the cells long term, I decided to
use single cell electroporation of reporter genes (as reported by (Echeverri and
Tanaka, 2003) to label muscle fibers in vivo with differently localised reporter
proteins. Electroporated axolotl cells show robust reporter gene expression for three
weeks (this thesis and (Echeverri and Tanaka, 2003). Marking cells with a transgene
should circumvent the problem of label fainting, since under a constitutive promoter
the gene is continuously expressed and can give rise to multiple reporter proteins.
Different subcellular localizations of the reporters further allow for the observation of
specific compartments in the cell (like the nucleus) through the dedifferentiation
process. In addition to cell labeling, electroporation of transgenes into muscle fibers
makes it possible to study gene function in muscle fiber dedifferentiation. This issue
will be discussed in detail in the next chapter of the thesis.
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With the aim to monitor different cell compartments through the process of
muscle fiber dedifferentiation I used reporter gene constructs that localize to both the
cytoplasm and the nucleus (GFP, DsRed), to α-Tubulin (EYFP-α-Tubulin fusion
protein), to the cell membrane (GFP-GPI fusion protein), to the nucleus (GFPnls), to
histones (H2B-GFP fusion protein), to heterochromatin (GFP-HP1γ fusion protein),
and to nucleoli (Fibrillarin-YFP fusion protein). Surprisingly, I found that the
fluorescent proteins of all these constructs disappeared at latest two days after
dedifferentiation had occurred, while the proteins persisted in the cells for more than
three weeks when the fiber remained intact. Changing the promoter did not improve
protein persistence. Also, dextran and GFP colabeled fibers lost exclusively the GFP
signal after dedifferentiation. Furthermore, I discovered that nuclear morphology was
changed in early dedifferentiating fibers, compared to stable fibers. Hoechst and
Propidium Iodide (PI) DNA stains revealed big unlabeled holes in dedifferentiating
nuclei. Such nuclei were neither mitotic nor apoptotic, nor did the holes represent
huge nucleoli. While GFPnls, H2B-GFP, and Fibrillarin-YFP colocalised with DNA
stains in these nuclei, GFP-HP1γ localized specifically to the holes devoid of DNA.
Dedifferentiating muscle fiber nuclei therefore may undergo chromatin-remodeling
processes that involve relocalisation of HP1. An example that likely represented
chromatin rearrangement during tail regeneration was observed in a transgenic
Xenopus tadpole. Here, a formerly quiescent transgene was strongly activated in the
regenerating tail and in the muscle fibers at the amputation plane. So far there is no
evidence that muscle fiber dedifferentiation occurs during Xenopus tail regeneration.
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2.2 Results
2.2.1 Electroporation of GFP and DsRed plasmids allows to visualize
axolotl muscle fiber dedifferentiation, but not to follow the fate of
muscle derived cells
In order to monitor different cell compartments during axolotl muscle fiber
dedifferentiation, and to follow the fate of muscle derived cells, single tail muscle
fibers were electroporated with various GFP and DsRed reporter constructs. To
visualize the entire fibers first, cytoplasmic caggs-GFP and CMV-DsRed reporters
were used. Figure 2-1 shows four tail muscle fibers that were coelectroporated with
GFP and DsRed. Whereas three fibers were strongly colabeled, one fiber expressed
the two proteins only weakly (Figure 2-1A,B). To induce dedifferentiation the tail
was injured directly caudal to the labeled fibers. It should be noted here that it was not
necessary to clip the muscle fibers in order to induce dedifferentiation, as reported by
Echeverri (Echeverri et al., 2001). Instead, amputation or injury close to the fibers
was sufficient to provoke dedifferentiation. All muscle fibers in figure 2-1 remained
stable up to four days post-injury (dpi) (Figure 2-1B). On the fifth day three fibers
dedifferentiated (Figure 2-1C). These fibers quickly lost the GFP (Figure 2-1D). By
taking live pictures several times a day, single cells could be followed in the DsRed
channel budding off the fibers looking like “beads on a string” (Figure 2-1C, arrows).
A few hours later these cells detached from the fibers (Figure 2-1D, arrows), and
started to lose also the DsRed protein (Figure 2-1E-G, arrows). The label in the
remains of the dedifferentiated fibers persisted for at least two more days (Figure 2-
1I). The fiber that did not dedifferentiate expressed GFP and DsRed proteins for a
minimum of 17 days following electroporation (Figure 2-1I).
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Figure 2-1. DsRed and GFP labels are lost from electroporated fibers one day after
dedifferentiation
On each panel the fluorescence image is on the left and the fluorescence-DIC overlay on the right.
Rostral is to the left and dorsal up. Axolotl tail muscle fibers were coelectroporated with CMV-
DsRed and caggs-EGFP plasmids and the tail was injured caudal to the labeled fibers (A). In
panel A three fibers are strongly labeled and one fiber is only weakly labeled with DsRed and
GFP. The arrows point to the injury site. 4 dpi the fibers were stable (B) but 5 dpi two of the
strongly labeled fibers and the weakly labeled fiber dedifferentiated (C). The arrowheads on the
inset in C point to cells that seem to be budding off the muscle fiber. 5 hours later these cells seem
to have detached from the fiber (inset in D). The detached cells were still present on the next day
but the fluorescent signal in these cells decreased over time (insets in E-G, arrowheads point to the
same cells) and eventually disappeared (H,I). Note that the GFP signal was absent or very weak in
the dedifferentiating cells compared to the DsRed signal (C-G). Reporter proteins were present for
at least 17 days post-electroporation (dpe) in the fibers that did not dedifferentiate (I). All insets in
this figure show the signal from the DsRed channel. The dashed line marks the site of injury.
Scale bar is 100µm.
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In addition to the cytoplasmic reporters all other reporters were lost
specifically from the dedifferentiating fibers as well, irrespective of the promoters
driving the reporter genes. Table 2-1 gives an overview of all reporter constructs
used, of the frequency at which dedifferentiation occurred, and of the stability of the
label. Note that electroporation might enhance the frequency of dedifferentiation.
From these results it became clear that GFP and DsRed reporters are suitable solely to
visualize the muscle fiber dedifferentiation process but not to follow the long term
fate of muscle-derived cells. I therefore concentrate in this chapter of the thesis on the
morphological and cellular description of dedifferentiating muscle fibers examining
diverse cell compartments.
label
fiber
stable
fiber de-
differentiates total
% de-
differentiated
label
stable
Rhodamine Dextran 15 9 24 37,5 yes
R. Dextran + GFP 9 5 14 35,71 yes + no
R. Dextran + GFPnls 6 3 9 33,33 yes + no
DsRed + GFP 6 3 9 33,33 no
DsRed + GFPnls 6 4 10 40 no
linear DsRed 9 11 20 55 no
linear DsRed + GFPnls 1 3 4 75 no
pEYFP-αTubulin + DsRed 1 5 6 83,33 no
GFP-GPI + DsRed 0 2 2 100 no
GFP-HP1 (+ DsRed) 21 13 34 38,26 no
Fibrillarin-YFP + DsRed 0 6 6 100 no
EF-1αH2B-GFP 3 3 6 50 no
caggsEGFP + DsRed 3 5 8 62,5 no
cardiacactinGFP3 + DsRed 3 4 7 57,14 no
Rhodamine/GFP Vector 2 2 4 50 no
Table 2-1. Overview of labels used, of dedifferentiation frequencies and of label stability
In the case of dextran and GFP colabels the numbers are a mixture of single and double-labeled
fibers. If not indicated otherwise the reporter genes are driven by the CMV promoter. Fibrillarin-
Y F P  electroporated axolotls were kept in DMSO, which might affect the frequency of
dedifferentiation. When nuclear constructs were used alone the given frequency of
dedifferentiation likely represents an underestimate, since it was very difficult to follow
dedifferentiating nuclei only, and uncertain cases were not counted. Experiments involving
rhodamine dextran injections are highlighted in blue, and reporter constructs driven by non-CMV
promoters are highlighted in yellow.   
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2.2.2 Dying fibers are distinct from dedifferentiating fibers
To exclude the possibility that the dedifferentiating fibers in figure 2-1 represented in
fact dying fibers that inevitably lost their reporter proteins, some muscle fibers were
killed on purpose and the necrotic morphology was compared to the one of
dedifferentiating fibers. Therefore some muscle fibers in the axolotl tail were
electroporated with the linearised DsRed plasmid and injured following DsRed
expression. Figure 2-2A shows a DsRed-labeled fiber just after cutting through it. The
morphology of the fiber changed immediately after cutting it. Over the next two days
little, dim fragments of the fiber remained that did not have a clear cellular
morphology and that were smaller than the typical fragments generated from
dedifferentiating fibers (compare Figure 2-1C-G with Figure 2-2B,C). This, together
with the observation that cells budded off dedifferentiating fibers, indicated that such
fibers did not undergo necrosis.
Figure 2-2. A dying fiber is distinct from a dedifferentiating fiber
A tail muscle fiber was electroporated with the linearised DsRed plasmid. The fiber itself was
injured and died (A). 1 and 2 days after the injury remaining DsRed-labeled fragments were very
small and that did not have a typical cellular morphology (B,C). Scale bar is 100µm.
2.2.3 Dextran and GFP colabeled muscle fibers exclusively lose the
GFP signal after dedifferentiation
To further confirm that muscle fiber electroporation combined with dedifferentiation
did not lead to cell death, some axolotl tail fibers were both rhodamine dextran
injected and electroporated with GFP or GFPNLS. In all cases of double-labeled
fibers GFP exclusively was lost after dedifferentiation (example in Figure 2-3).
Whereas GFP disappeared quickly after dedifferentiation (Figure 2-3C), the dextran
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label remained for several days, and the number of dextran labeled cells increased
over time (Figure 2-3E,F). This result suggested that muscle-derived cells stayed
alive, kept the dextran label and specifically lost the GFP.
Figure 2-3. GFP exclusively is lost from dextran and GFP colabeled fibers
A tail mucle fiber was injected with rhodamine dextran and additionally electroporated with the
GFPnls plasmid (A). The tail was amputated caudal to the labeled fiber (A). 2 dpa the fiber was
stable (B) and 3 dpa it dedifferentiated (C). Whereas the dextran label persisted in the muscle-
derived cells the GFPnls label was lost. The dashed line marks the amputation plane. Scale bar is
100µm.
2.2.4 Linearized plasmids may prolong the persistence of the label
after muscle fiber dedifferentiation
Among diverse expression constructs I also tested if electroporation of linearized
plasmids would improve the stability of the label through possibly facilitated
integration of the linearized plasmid into the cells’ genome. Although a permanent
label was not achieved by plasmid linearization, it appeared that the persistence of the
label was slightly prolonged after dedifferentiation compared to circular plasmids
(example in Figure 2-4). Whereas in the case of circular DsRed plasmids the protein
usually disappeared one day after dedifferentiation (Figure 2-1G) it remained for
about two days in the case of linearized DsRed plamids (Figure 2-4G,H). In both
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cases muscle fiber derived cells with typical cellular morphology were observed (Fig.
2-1C-G arrows and Fig. 2-4D arrow).
Figure 2-4. Linear plasmids may prolong the persistence of the label after
dedifferentiation
A tail muscle fiber was electroporated with a linearised DsRed plasmid and the tail was injured
caudal to the labeled fiber (A, arrows point to the site of injury). The fiber was stable 5 dpi (B) but
dedifferentiated 6 dpi (C). The arrowhead in D points to a fragment with a cellular process. The
DsRed label in the muscle-derived cells persisted for 2 days but eventually disappeared (C-H).
The dashed line marks the site of injury. Scale bar is 100µm.
2.2.5 Membrane bound GFP is redistributed during muscle fiber
dedifferentiation
In order to follow the cell membrane of muscle fibers during dedifferentiation single
fibers were coelectroporated with cytoplasmic DsRed and membrane-localized GFP-
GPI reporters. Figure 2-5A and B show that DsRed and GFP-GPI proteins evenly
colocalised throughout the fiber. In contrast, upon dedifferentiation the GFP-GPI
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label was redistributed and largely did not match with DsRed expression anymore
(Figure 2-5C). It seemed that GFP-GPI was internalized into the muscle fiber (Figure
2-5C). The DIC image in figure 2-5C gives the impression that membranes had
formed in the muscle fiber giving rise to several single cells (arrow in Figure 2-5C).
Both labels disappeared one day later (Figure 2-5D). Redistribution of membrane-
localized GFP-GPI during muscle fiber dedifferentiation suggests that major changes
occur in the cell membrane and that possibly new cellular membranes are formed in
the fragmenting fiber.
Figure 2-5. Membrane bound GFP is redistributed upon dedifferentiation
A tail muscle fiber was coelectroporated with DsRed and a GFP-GPI plasmid, and the tail
was injured caudal to the labeled fiber (A, arrows point to the injury site). The fiber was
homogeneously labeled with DsRed and GFP 1 dpi (B). 2 dpi the fiber dedifferentiated and
the membrane-bound GFP signal seemed to be internalized into the cell (C). The arrows in C
point to the position of the labeled fiber on the DIC image. The fragmentation/cellularisation
of the fiber can be seen on the DIC only image (C). The GFP signal has disappeared 3 dpi
(D). The dashed line marks the site of injury. Scale bar is 100µm.
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2.2.6 Nuclear labels cofragment with cytoplasmic labels during muscle
fiber dedifferentiation
To start addressing the question of how muscle fiber nuclei behave during
dedifferentiation nuclear reporter constructs were electroporated into axolotl tail
muscle fibers. Figure 2-6A and B show one muscle fiber close to the amputation
plane colabeled with cytoplasmic DsRed and nuclear GFP (GFPnls). GFPnls
displayed the typical oval shape of muscle fiber nuclei. Upon dedifferentiation of the
fiber 3 dpa the nuclear GFP label did not show anymore the typical oval shape, but it
still overlapped with distinct DsRed labeled fragments (Figure 2-6C,C’). Both
proteins disappeared one day later (Figure 2-6E). Cofragmentation of nuclei label
with cytoplasmic label indicated that single muscle fibers dedifferentiated into
multiple – presumably mononucleated - cells.
Figure 2-6. Nuclear labels cofragment with cytoplasmic labels
Tail muscle fibers were coelectroporated with DsRed and GFPnls encoding plasmids and the tail
was amputated caudal to the labeled fibers. 2 muscle fibers were colabeled with DsRed and
nuclear GFP and 1 fiber was labeled with DsRed only (A). The fibers were stable 2 dpa (B). 3 dpa
the colabeled fiber close to the amputation plane dedifferentiated (C). The nuclear GFP signal
colocalised with DsRed labeled fragments (C,C’). 5 hours later the label in the muscle-derived
cells was very weak (D) and eventually disappeared (E). The dashed line marks the amputation
plane. Scale bar is 100µm.
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2.2.7 Nuclei in dedifferentiating muscle fibers undergo distinct
           morphological changes that are not due to mitosis
In order to investigate the nuclear changes in dedifferentiating muscle fibers in more
detail, some labeled fibers were fixed during the process of dedifferentiation and
stained with DNA stains (Figure 2-7). Upon staining the DNA with Hoechst or
Propidium Iodide (PI) it was found that nuclei of dedifferentiating fibers underwent
characteristic morphological changes compared to the typical elongated shape of
nuclei in stable muscle fibers (Figure 2-7C). Dedifferentiating nuclei appeared as if
devided in two halves around a central hole that did not stain with Hoechst or PI
(Figure 2-7C, arrowheads point to nuclei of dedifferentiating fiber). Since this nuclear
morphology was reminiscent of dividing nuclei in late anaphase, the nuclei were
stained with anti-phospho-Histone H3 antibody to examine if they were mitotic.
Figure 2-7D shows that while some cells in the surrounding tissue are positive for
phospho-Histone H3, the nuclei in the dedifferentiating fiber are not. Thus the change
in morphology of dedifferentiating nuclei is not due to mitosis.
Figure 2-7. The change of nuclear morphology in dedifferentiating fibers is not due to
mitosis
Axolotl tail muscle fibers were electroporated with the GFP plasmid. At 2 dpe the fibers were
stable (A) and at 3 dpe two fibers started to dedifferentiate (B, arrow in A,B points to one
dedifferentiating fiber). Propidium Iodide staining of nuclei on tissue sections revealed that the
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nuclei in the dedifferentiating fiber (diffuse GFP signal in C,D) displayed an unusual morphology
compared to the surrounding nuclei (C, arrowheads point to nuclei of dedifferentiating fiber).
Anti-phH3 antibody staining demonstrated that the change in nuclear morphology was not due to
mitosis (D, arrowheads point to the nuclei of the dedifferentiating fiber). Scale bar is 100µm.
2.2.8 The morphological changes of dedifferentiating muscle fiber
           nuclei are also not due to apoptosis
To exclude the possibility that the change in nuclear morphology was due to
apoptosis some dedifferentiating fibers were stained with the TUNEL assay. In 7 out
of 9 cases the nuclei in dedifferentiating fibers were TUNEL negative, indicating that
they are not apoptotic (Figure 2-8A), while all the nuclei on the positive control
section were TUNEL positive (Figure 2-8B). In one case dim TUNEL signal was
observed in dedifferentiating nuclei that however did not colocalise perfectly with
DNA stain or with H2B-GFP, but that was also present in the nuclear holes (Figure 2-
8C). It should be noted that besides apoptotic nuclei, non-apoptotic nuclei that
undergo active gene transcription are labeled by the TUNEL technique (Kockx et al.,
1998). It is therefore possible that the dim positive TUNEL signal in figure 2-8C
actually represents actively transcribing non-apoptotic nuclei.
Figure 2-8. The change of nuclear morphology in dedifferentiating fibers is neither due
to apoptosis
Tail muscle fibers were electroporated with GFP (A) and H2B-GFP (C) encoding plasmids.
Dedifferentiating fibers (based on overall and nuclear morphology) were fixed, sectioned, and
stained for apoptosis according to the TUNEL assay. Most nuclei in dedifferentiating fibers were
TUNEL negative (A), whereas all nuclei in the positive control are TUNEL positive (B). In one
case dim TUNEL signal in the nuclei of a dedifferentiating fiber was observed (C). Note that the
H2B-GFP signal in C colocalises perfectly with the nuclear Hoechst stain, but the TUNEL signal
in C does not. Scale bar is 100µm.
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2.2.9 The holes in dedifferentiating muscle fiber nuclei are not
gigantic nucleoli
To address whether the holes in dedifferentiating nuclei represented enormously
enlarged nucleoli a human Fibrillarin-YFP construct (Stanek et al., 2001) was used to
monitor cell nucleoli. Fibrillarin is a component of a nucleolar small nuclear
ribonucleoprotein (snRNP), functioning in ribosomal RNA processing and necessary
for multiple steps in ribosome biogenesis (Jansen et al., 1991; Tollervey et al., 1991;
Tollervey et al., 1993). To test if Fibrillarin-YFP also marks nucleoli in urodeles, A1
cells were electroporated with the construct first. Figure 2-9A shows that Fibrillarin-
YFP localized to 3 to 5 little spots in each A1 cell nucleus, indicating that it labeled
the cells’ nucleoli. Occasionally A1 cells also have nuclei with big holes in them.
Such holes were not marked with Fibrillarin-YFP (Figure 2-9A), suggesting that they
are not nucleoli. As in A1 cells, Fibrillarin-YFP also localized to several distinct spots
in axolotl muscle fiber nuclei (Figure 2-9B). When axolotl muscle fibers were
induced to dedifferentiate though, the appearance of Fibrillarin-YFP changed from
distinct spots to an even localization in the nucleus (Figure 2-10A,B, arrowheads
point to the same nuclei in one fiber). This result is reminiscent of the release of
fibrillarin from somatic nucleoli incubated in Xenopus egg extract (Gonda 2003). In
addition, the localization of Fibrillarin-YFP in dedifferentiating nuclei was exactly
overlapping with Hoechst DNA stain and not with the unstained holes in these nuclei
(Figure 2-10C). These results indicate that nucleolar domains are changing or may
even disappear during axolotl muscle fiber dedifferentiation, and that the holes in the
dedifferentiating nuclei are not gigantic nucleoli.
Figure 2-9. Fibrillarin-YFP marks nucleoli in A1 cells and in axolotl muscle fibers
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The Fibrillarin-YFP plasmid was electroporated in A1 cells (A) and together with DsRed in
axolotl muscle fibers (B). In both cases several bright spots in the nuclei were YFP-labeled,
indicating that Fibrillarin-YFP localized to nucleoli both in A1 cells and in axolotl muscle fibers.
Figure 2-10. Nucleolar domains change upon muscle fiber dedifferentiation but do not
localize to the holes in dedifferentiating nuclei
Tail muscle fibers were coelectroporated with DsRed and Fibrillarin-YFP plasmids (A-C).
Fibrillarin-YFP localized to muscle fiber nucleoli in the intact fibers (bright spots in the nuclei in
A). Upon muscle fiber dedifferentiation Fibrillarin-YFP displayed a nuclear pattern very similar to
the one revealed by DNA stains (compare B to figure 2-7C) or H2B-GFP (compare B to figure 2-
8B) in dedifferentiating muscle fibers. Hoechst staining of the sectioned tail demonstrated that
Fibrillarin-YFP did not localize to the holes in the nuclei of dedifferentiating muscle fibers (C).
Scale bar is 100µm.
2.2.10  Some nuclei in dedifferentiating muscle fibers are surrounded
   by membranes
The dedifferentiating fiber depicted in figure 2-10A-C was further stained with an
anti-beta-catenin antibody to visualize cell membranes. Beta-catenin is an
intracellular component of adherens junctions (reviewed in (Pokutta and Weis, 2002)
and can therefore serve to monitor cell membranes. Beta-catenin antibody staining
revealed that two nuclei of the dedifferentiating fiber were surrounded by thin
membranes (Figure 2-11, arrowheads point to two nuclei with membrane), indicating
that dedifferentiating muscle fibers may form new membranes.
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Figure 2-11. Some nuclei
in dedifferentiating
muscle fibers are
surrounded by a
membrane
The muscle fiber in figure 2-
10 was stained with an anti-
beta-catenin antibody. A thin
membrane (marked by beta-
catenin) was surrounding at
least two nuclei in the
dedifferentiating muscle fiber
(arrowheads point to the
nuclei with membrane).
2.2.11 GFP-HP1γ localizes to the holes in dedifferentiating muscle
   fiber nuclei
In order to examine whether HP1 relocalised in axolotl muscle fiber nuclei upon
dedifferentiation, like it does in plant cell nuclei, some fibers were coelectroporated
with cytoplasmic DsRed and GFP-HP1γ. GFP-HP1γ localized evenly to the elongated
nuclei of electropraoted muscle fibers (Figure 2-12A). When the muscle started to
dedifferentiate, the nuclear localization of GFP-HP1γ appeared more circular (Figure
2-12B). Hoechst staining revealed that GFP-HP1γ localized exactly to the holes in
dedifferentiating nuclei that do not stain for Hoechst (Figure 2-12C,D, arrowheads
point to the nuclei with GFP-HP1γ in their holes). While in intact fibers GFP-HP1γ
did colocalize perfectly with DNA stains (Fig. 2-12A and not shown), in
dedifferentiating fibers it did not match Hoechst stain anymore. Instead, GFP-HP1γ
accumulated exclusively in the holes devoid of DNA in dedifferentiating nuclei.
These results suggest that according to what happens in dedifferentiating plant cells,
GFP-HP1γ does relocalize in dedifferentiating axolotl muscle fibers as well,
indicating that chromatin reorganization also occurs during axolotl muscle fiber
dedifferentiation.
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Figure 2-12. GFP-HP1γ localizes to the holes in the nuclei of dedifferentiating muscle
fibers
Upon electroporation with the GFP-HP1γ plasmid, GFP-HP1γ localized to the muscle fiber nuclei
(A,B, arrows point to DsRed and GFP-HP1γ double-labeled fiber). At 3 dpa the fiber started to
dedifferentiate (B). Hoechst staining of the sectioned tail revealed that GFP-HP1γ localized to the
holes in the nuclei of the dedifferentiating fiber (C,D, arrows point to the nuclei with GFP-HP1γ
in the holes). The images in C are taken on a fluorescence microscope and the images in D on a
confocal microscope. Scale bar is 100µm.   
2.2.12  Silent genes can be activated during Xenopus tail regeneration
A striking example of activation of silent genes – possibly due to chromatin
rearrangement - was observed during tail regeneration of transgenic Xenopus
tadpoles. Ryffel created a Xenopus line with a stable insertion of a floxed ECFP gene
under the CMV promoter (Ryffel et al., 2003). The transgenic tadpoles show mosaic
expression of ECFP with occasional tail muscle fibers expressing the gene (Figure 2-
13A). In contrast, upon tail amputation most of the muscle fibers at the amputation
plane upregulated ECFP expression strongly (compare Figure 2-13A with B). In
addition to the mature muscle fibers also the blastema and the regenerating notochord
cells strongly expressed the transgene (Figure 2-13C-F), as reported by Ryffel (Ryffel
et al., 2003). These results suggest that chromatin reorganizes – and possibly
decondenses - during Xenopus tail regeneration, resulting in the expression of
formerly silent genes.
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Figure 2-13. Transgenic Xenopus tadpoles upregulate the transgene during tail
regeneration
In all panels the left half is the image taken in the fluorescence channel and the right half is the
fluorescence-DIC overlay. A,B Transgenic Xenopus tadpoles displayed strongly increased
transgene expression in the muscle fibers at the amputation plane from 2 dpa on. The arrow points
to the same fiber in A and B. C-F Transgene expression is furthermore upregulated in the
blastema (C, arrow points to blastema), and in the notochord (D-F, arrow in D,E points to the
notochord and in F to the terminal vesicle of the notochord). Dashed line marks the amputation
plane. Scale bar is 100µm.
 2.2.13  Muscle fiber dedifferentiation does not occur during Xenopus
   tail regeneration
To examine whether muscle fiber dedifferentiation occurred during Xenopus tail
regeneration, single muscle fibers of transgenic tadpoles were electroporated with
DsRed. After amputation of the tail DsRed labeled fibers together with ECFP labeled
fibers were followed through the regeneration process. It should be noted that
electroporation of single tail muscle fibers led to strong expression of the ECFP
transgene in the surrounding muscle fibers prior to amputation. 28 out of 28 DsRed
and ECFP-labeled fibers (n=7 tadpoles) remained stable up to 8 dpa, and no signs of
muscle fiber dedifferentiation were observed in any case (Figure 2-14A-C). This
result confirms previous data suggesting that in contrast to urodele muscle fibers
Xenopus muscle fibers do not dedifferentiate during tail regeneration (Gargioli and
Slack, 2004; Ryffel et al., 2003).
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Figure 2-14. Transgenic and electroporated muscle fibers do not dedifferentiate during
Xenopus tail regeneration
Xenopus tail muscle fibers were electroporated with DsRed plasmid and amputated caudal to the
DsRed expressing fibers (A, red fiber was electroporated). The electroporated fiber as well as the
transgenic non-electroporated fibers were stable and did not dedifferentiate over the time course
of tail regeneration (A-C). Note that in this case electroporation of single muscle fibers had led to
massive transgene upregulation in the surrounding fibers prior to amputation. Dashed line marks
the amputation plane. Scale bar is 100µm.
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2.3 Discussion
With the help of diverse reporter genes the muscle fiber dedifferentiation process
during axolotl tail regeneration was followed live and characterized in more detail
here. It was found that amputation or injury close to the fibers was sufficient to induce
dedifferentiation and that clipping of the fiber as reported by Echeverri was not
needed (Echeverri et al., 2001). Due to loss of all genetic labels upon dedifferentiation
the fate of muscle derived cells could unfortunately not be identified.
2.3.1 Dextran injection versus reporter gene electroporation, or:
The mystery of label loss upon dedifferentiation
All electroporated plasmids resulted in stable expression of the reporter proteins in
axolotl muscle fibers for several weeks. Exclusively upon injury-induced
dedifferentiation did the reporter proteins from all constructs disappear at latest 2 days
after dedifferentiation had occurred. In contrast, rhodamine dextran injected muscle
fibers kept the dextran label for several days following dedifferentiation. Why do the
two kinds of label not behave the same? The major difference between the two is that
one is direct and the other is indirect and subject to regulations. Dextran labels
directly mark compartments they are brought to, in order to get rid of them the label
has to be degraded or highly diluted. Electroporated plasmids however have firstly to
be brought into the nucleus in order to allow gene expression from the plasmid to
occur. It is likely that nonintegrated plasmids are lost from the nucleus during mitosis,
although electroporated blastema cells that proliferated continued to be labeled over
several divisions (not shown). Gene expression from a plasmid can secondly be shut
off if the gene and/or the promoter are not accessible or become silenced. The data
presented here suggest that chromatin reorganization occurs during axolotl muscle
fiber dedifferentiation, which could lead to silencing of the plasmid. Usually,
chromatin undergoes decondensation during dedifferentiation though, with
subsequent activation of genes (Avivi et al., 2004; Williams et al., 2003).
Accordingly, GFP-HP1γ, a marker for silent heterochromatin, is absent from DNA in
dedifferentiating axolotl muscle fiber nuclei, suggesting an overall decondensation or
activation of chromatin in these nuclei. It cannot be excluded however that
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endogenous HP1 or other silencing mechanisms are responsible for plasmid silencing
in this situation. Thirdly, the reporter protein usually has a short half life (for GFP
around 24 hours) and thus needs to be continuously made in order to result in a stable
label. It is possible that after electroporation of a multinucleated muscle fiber only a
single nucleus harbours the transgene. The reporter gene can still give rise to enough
proteins to label the entire fiber but upon dedifferentiation into single cells only the
cell harboring the transgene will stay labeled and might be difficult to detect in the
tissue. All the issues mentioned so far may play a role in the loss of genetic label upon
dedifferentiation.
One attempt to distinguish between protein and plasmid loss was to
electroporate a rhodamine-labeled reporter plasmid into the muscle fibers.
Unfortunately the fluorescent label on the plasmid was too dim to be detected after
electroporation in vivo. Loss of GFP label from dedifferentiating fibers also occurred
from GFP transgenic axolotl (in the F0 generation) that show mosaic expression of
the transgene (not shown and Sobkov, personal communication), suggesting that at
least in this case plasmid loss is not the cause for protein loss.
2.3.2 Cell death versus dedifferentiation
It is possible that loss of genetic label is due to cell death and that what I define as
muscle fiber dedifferentiation is in fact cell death. Several observations argue against
this though: first, GFP is lost before DsRed from the dedifferentiating fibers. One
would expect that upon cell death both labels are degraded at the same time. The
reason why DsRed is visible longer than GFP might be that DsRed has a longer half
life and/or since it is a tetramer it has a longer maturation time and thus still gets
made while the production is already shut off. It has been reported that DsRed is
visible for a longer period than GFP after electroporation (Echeverri and Tanaka,
2003). Second, rhodamine dextran and GFP double-labeled fibers exclusively lose
GFP upon dedifferentiation, further confirming that muscle derived cells stay alive.
Third, dedifferentiation is unlikely to be necrosis because a necrotic fiber looks
different from a dedifferentiating fiber. As reported in this chapter the fragments
generated from a necrotic fiber are very small and dim and do not display a typical
cellular morphology. Moreover I show here that distinct cells bud off
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dedifferentiating fibers, a process that is unlikely to occur during necrosis. Fourth,
dedifferentiation cannot represent apoptosis because the vast majority of
dedifferentiating muscle nuclei are TUNEL negative.
2.3.3 Nuclear reorganization during dedifferentiation
As reported for plant and animal dedifferentiation (Avivi et al., 2004; Gonda et al.,
2003; Kikyo et al., 2000; Williams et al., 2003), nuclear reorganization is shown here
to occur also during axolotl muscle fiber dedifferentiation: Dedifferentiating muscle
nuclei display big holes after Hoechst or PI staining that are not seen in normal
muscle fiber nuclei. HP1-GFP localizes specifically to these holes while it colocalizes
with DNA in stable muscle fiber nuclei, suggesting that the binding site for HP1 is
disrupted in dedifferentiating nuclei. In addition, nucleolar domains are disrupted in
dedifferentiating muscle fibers as revealed by the change in Fibrillarin-YFP
localization and according to nucleolar disruption in dedifferentiating plant and
cloned somatic cells (Williams, 2003, gonad 2003, Kikyo 2000). In contrast to the
fibrillarin data, dim TUNEL signal in some dedifferentiating nuclei may be an
indication that active gene transcription does occur in these nuclei. This would be
consistent with the classical observation reporting increased numbers of
“ribonucleoprotein granules” in the cytoplasm of dedifferentiating fibers (Hay, 1959).
Although Xenopus muscle fibers do not dedifferentiate during tail
regeneration of the tadpole (Gargioli and Slack, 2004; Ryffel et al., 2003) nuclear
reorganization does seem to occur. Muscle fibers at the amputation plane, the
blastema and the regenerating notochord in transgenic tadpoles upregulate a silent
transgene strongly during tail regeneration. The increase in transgene expression may
be due to chromatin reorganization and decondensation. Interestingly, also
electroporation of single muscle fibers in the tadpole tail led to strong transgene
expression in the surrounding fibers in the absence of regeneration. This, together
with the possibility that electroporation enhances muscle fiber dedifferentiation
(Table 1) suggests that electroporation may provoke some of the responses that occur
during regeneration.
The observations made here strongly suggest that axolotl muscle fiber
dedifferentiation goes along with major nuclear changes. Future work will be to
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determine which genes and proteins play a role in nuclear reorganization underlying
dedifferentiation, and which genes specifically are activated during this process to
allow dedifferentiation and fate change to occur.
2.3.4 Future perspectives
The ability to electroporate genes into single axolotl muscle fibers and to monitor
dedifferentiation allows testing gene function in this process. Overexpressing a
candidate gene or a dominant negative version of it in single muscle fibers might
enhance or inhibit the frequency at which dedifferentiation occurs. Table 1 documents
that this frequency is variable, indicating that only major effects of gene function in
dedifferentiation may be discovered in this way. The next chapter of the thesis reports
on a candidate approach with the aim to uncover genes involved in axolotl muscle
fiber dedifferentiation.
Chapter 3
After establishing methods to test gene
function during axolotl tail regeneration,
Msx1 and Rad do not seem to play a role in
muscle fiber dedifferentiation
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3.1  Introduction
The ability of urodeles to regenerate complete body structures has fascinated
generations of scientists since Spallanzani's initial description in 1768. Surprisingly
there is still relatively little known about the underlying molecular mechanisms. The
difficulty of manipulating gene and protein function and analyzing phenotypes in
complex adult tissues compared to embryonic tissues is a primary reason for the
limitations in molecular analysis so far.
A common method used to knockdown protein function during vertebrate
development is the application of morpholino antisense oligonucleotides against the 5'
region of a target mRNA. Morpholinos are short (usually 25bp), antisense
oligoribonucleotides where an additional amine has been introduced into the ribose
rings. This modification renders the oligoribonucleotides nuclease-resistant while
maintaining their binding affinity and specificity. Morpholino oligoribonucleotides
complementary to sequences spanning the start codon of the target mRNA interfere
with ribosomal binding and prevent translational initiation. This technique has been
successfully implemented in various organisms including Xenopus (Heasman et al.,
2000), zebrafish (Nasevicius and Ekker, 2000), chick (Kos et al., 2001) and mouse
(Coonrod et al., 2001). In zebrafish and mouse morpholinos against specific proteins
produced phenocopies of the known genetic mutants of these proteins (Coonrod et al.,
2001; Lele et al., 2001; Nasevicius and Ekker, 2000). The application of morpholinos
has been limited so far to embryogenesis, where it is possible to inject the
morpholinos into the cleaving egg (Heasman et al., 2000; Nasevicius and Ekker,
2000) or to electroporate the morpholinos into the relatively soft, simple embryonic
tissue structures (Kos et al., 2003; Mellitzer et al., 2002).
I endeavored to assess if morpholino knockdown of protein translation is
possible in the context of regeneration. One question was whether morpholinos
function at all in urodele cells. A second major issue was whether sufficient
morpholinos could be delivered into cells at the amputation plane to elicit efficient
protein knockdown. Particularly interesting would be the ability to deliver
morpholinos into the cells that will contribute to the regeneration blastema. This
would allow for the testing of proteins involved in the conversion of mature cell types
into regeneration progenitor cells. It was recently demonstrated that cells in the
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axolotl tail can be efficiently transfected with DNA plasmids via in vivo
electroporation (Echeverri and Tanaka, 2003). This technique has so far been used to
trace cell fate by the transfection of plasmids encoding fluorescent proteins. A
question is whether this method can be used to perturb gene and protein function
during regeneration by morpholino-mediated protein knockdown.
Two major tissue types of interest during axolotl tail regeneration are spinal
cord and muscle. After tail amputation the ependymal cells of the mature spinal cord
migrate and proliferate to form an elongating ependymal tube, which subsequently
differentiates into the regenerated spinal cord. How the ependymal cells are activated
to form the regenerating neural progenitor cells is not yet understood. I wanted to
address whether it is possible to knockdown protein expression in the ependymal cells
that undergo spinal cord regeneration. Pax7 is a transcription factor that is expressed
in the dorsal progenitor cells of the developing neural tube, and it was found that Pax7
is expressed in the dorsal ependymal cells that will contribute to the regenerate
(Mchedlishvili, manuscript in preparation). The role of Pax7 during spinal cord
regeneration was not known. We therefore chose Pax7 as one target in our present
morpholino studies.
Muscle is a particularly important target for morpholino-mediate knockdown
studies. The dedifferentiation of multinucleate fibers into proliferating mononucleate
cells is a signature feature of regeneration, and understanding the molecular basis of
this phenomenon is a major goal in regeneration research. In this regard, Msx1 and
Rad (Ras associated with diabetes) represent particularly interesting proteins to study.
Msx1 gene expression is induced in the urodele limb blastema, and in the regenerating
mouse digit tip (Han et al., 2003; Koshiba et al., 1998). It has been suggested that
Msx1 plays a role in muscle fiber dedifferentiation because overexpression of Msx1 in
cultured mouse myotubes caused a small percentage of cells to fragment into
proliferating mononucleate cells (Odelberg et al., 2000), a feature not normally
associated with these mammalian cells. However, the in vivo role of Msx1 in muscle
dedifferentiation has not yet been tested.
Rad ist a GTP-binding protein of a new Ras-related protein family (Reynet
and Kahn, 1993). In the newt, Rad is upregulated in vivo in limb muscle fibers close
to the amputation plane (Shimizu-Nishikawa et al., 2001), which makes it an
interesting candidate gene to test in muscle fiber dedifferentiation.
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Some aspects of muscle fiber dedifferentiation can be reconstituted in culture.
Newt A1 myoblasts, a non-transfected cell line derived from newt limb tissue
explants (Ferretti and Brockes, 1988), differentiate in serum-free media into
multinucleated myotubes, just as cultured mouse myoblasts do. Upon addition of
serum a certain percentage of A1 myotubes enters S-phase as demonstrated by BrdU
incorporation (Tanaka et al., 1997). In contrast, differentiated mouse myotubes are
refractory to serum and cannot be induced to enter S-phase. Although fragmentation
of A1 myotubes has not been observed yet in culture, S-phase reentry of the
differentiated myotube is an indication that dedifferentiation (partially) occurs in
cultured muscle cells as well. The possibility to test gene function in this culture assay
would provide an easy way to screen for genes involved in some aspects of muscle
fiber dedifferentiation.
Here I demonstrate that electroporation of morpholino antisense
oligoribonucleotides leads to downregulation of exogenously expressed proteins such
as GFP and Msx1, as well as endogenous proteins such as Pax7 in cultured A1 cells
and in regenerating axolotl tissue in vivo. I have developed the methods to target both
dedifferentiating muscle fibers and spinal cord ependymal cells in vivo. These
experiments indicate that the morpholino technique provides a means to test gene
function in specific cell types, and during specific cellular processes such as
dedifferentiation during regeneration. The results suggest that Msx1 and Rad do not
play a major role in muscle fiber dedifferentiation neither in culture nor in vivo.
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3.2 Results
3.2.1 Morpholinos lead to downregulation of ectopically expressed
GFP both in cultured cells, and in vivo
In this study I characterized the function of morpholinos in two situations: a myogenic
cell line (A1) derived from Notophthalmus viridescens that is widely used for
regeneration research, as well as in vivo during tail regeneration in Ambystoma
mexicanum (axolotl). I initially assessed the ability of morpholinos to block GFP
expression in the newt A1 cell line. To test the morpholinos, A1 cells were
electroporated with eGFP and DsRed expression plasmids, together with either the
antisense morpholino against GFP, or with the inverted control morpholino (for
precise conditions see Materials and Methods). 24 and 48 hours post-electroporation,
the cells co-transfected with the GFP  and DsRed  plasmids and the inverted
morpholino expressed both fluorescent proteins robustly (Figure 3-1A). In contrast,
cells transfected with the morpholino against GFP  displayed undetectable or
extremely dim GFP signal (Figure 3-1B). Upon quantifying the GFP and DsRed
fluorescence in the transfected cells the GFP/DsRed ratio was 10-fold reduced in the
cells transfected with the anti-GFP  morpholino (GFP/DsRed ratio: inverted
morpholino, 1 +/- 0.27; anti-GFP morpholino, 0.1 +/- 0.12 Figure 3-1C). This
indicated that morpholinos exert a specific function in newt cells. It should be noted
that although morpholinos are reported to be nonionic oligonucleotides they
efficiently entered cells, presumably by diffusion through holes in the cell membrane
created by the electroporation.
Figure 3-1. Morpholinos specifically downregulate ectopically expressed GFP in
cultured newt A1 cells
Newt A1 cells were electroporated with 2 plasmids, encoding the GFP and DsRed proteins, and
either the inverted control morpholino (invMO, A), or the morpholino against GFP (gfpMO, B).
Pictures in the green and red channels were taken with the same exposure time. Scale bar is
100µm. C Graph of the GFP to DsRed fluorescence ratio as measured in single cells (n=8). The
two ratios are different to a p-value of 5.29e-06.
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We have previously developed the methods to electroporate cells in vivo in the
axolotl tail, including muscle cells, blastema cells, and spinal cord cells (Echeverri
and Tanaka, 2003). To test the efficacy of morpholinos in vivo we again
overexpressed GFP together with DsRed plasmids in axolotl tail muscle fibers by
single cell electroporation, together with either anti-GFP morpholinos or inverted
control morpholinos. Similar to our in vitro results, GFP expression was strongly
inhibited when anti-GFP morpholino was included in the electroporation (Figure 3-
2A,B). In this case we also observe a 10-fold decrease in GFP expression in vivo
(GFP/DsRed ratio: inverted morpholino, 0.72 +/- 0.38; anti-gfp morpholino, 0.078 +/-
0.076 Figure 3-2C). These results indicate that morpholinos are an effective tool for
inhibiting protein expression from transfected plasmids in the urodele.
Figure 3-2. Morpholinos specifically disrupt GFP expression in axolotl muscle fibers in
vivo
Single muscle cells of the axolotl tail were electroporated in vivo with 2 plasmids encoding eGFP
and DsRed proteins, together with either the control morpholino (invMO, A) or the morpholino
against eGFP (gfpMO, B). Pictures were taken of live animals and with the same exposure time in
green and red channels. Scale bar is 100µm. C Fluorescence intensities of GFP and DsRed were
measured in single cells (n>14) and the ratio of GFP/DsRed fluorescence was calculated. Since
DsRed fluorescence also produces a weak signal in the GFP channel of the microscope, cells
electroporated with only DsRed were also quantitated in order to determine the “background”
ratio of DsRed only. The ratios for inverted morpholino and anti-GFP morpholino are different to
a p-value of 1.81e-08.
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3.2.2 Identification of Pax7 and Msx1 5’ sequences by RACE
To address whether morpholinos can interfere with endogenous axolotl protein
expression I initially chose to test protein knockdown of two axolotl genes, Pax7 and
Msx1. These genes were chosen for several reasons. First, the availability of
antibodies that recognize the respective proteins allowed to assess whether protein
knockdown had been successful. Second, Pax7 protein is expressed in the dorsal
domain of the mature and regenerated spinal cord similar to the expression found
during development of the neural tube (Mchedlishvili et al, manuscript in
preparation). By focusing on this gene, it could be determined if it was possible to
deliver morpholinos into the spinal cord, and whether such morpholinos would be
retained in the neural progenitor cells that give rise to the regenerating spinal cord. I
was interested to see if Pax7 knockdown would have a phenotype on spinal cord
regeneration, although Pax7-/- mice have a minimal phenotype due to redundancy in
gene expression with Pax3 (Mansouri and Gruss, 1998). The Msx1 gene was of
particular interest, since Odelberg et al proposed that Msx1 expression can induce
muscle cell dedifferentiation in culture mouse myotubes (Odelberg et al, 2000). It was
important to test the protein's in vivo function in a setting where muscle
dedifferentiation normally takes place.
In order to design morpholinos against these genes, I isolated the 5' sequences
of the axolotl Pax7 and Msx1 genes by 5' RACE. The initial axolotl Pax7 sequence
was isolated using degenerate primers (see Materials and Methods). 5’ RACE primers
were then designed from this sequence and subsequent RACE reactions led to the
isolation of the 5’ end of the gene (Figure 3-3A).
Figure 3-3.  Sequences of the axolotl Pax7 (partial) (A) and Msx1 (B) genes
The binding site of the antisense morpholino to the 5’ end of the genes is in bold and underlined.
The red nucleotides in the msx1 sequence represent the additional 5' sequence that was isolated in
the present work compared to the published axolotl msx1 gene (Koshiba et al., 1998). The black
arrow and the 3 blue nucleotides in the central region of the msx1 sequence mark sequence
differences between our and Koshiba’s result.
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Although Koshiba et al had reported the full-length axolotl Msx1 sequence
(Koshiba et al., 1998), this published sequence is approximately 50 amino acids
shorter at the N-terminus when compared to full-length Msx1 sequences from any
other species. The reported N-terminus of the axolotl gene was positioned at a
conserved internal methionine found in other species. To determine the 5' end of the
Msx1 gene, I designed a reverse primer at the 5' end of the published axolotl sequence
and performed 5' RACE. Indeed, an additional 164 nucleotides of in-frame sequence
was found at the 5' end that placed a start codon in a similar position to the other
vertebrate Msx1 genes (Figure 3-3B and Figure 3-4 for Msx1 amino acid alignment).
During this work also four sequencing errors were identified in the Koshiba sequence
marked at nucleotides 48, 294, 295 and 366 in my new sequence (see arrow and blue
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nucleotides in Figure 3-3). These errors had resulted in a frameshift at amino acid
positions 1 to 55 and 47 to 66 according to my new amino acid sequence (Figure 3-4).
Figure 3-4.  Alignment of the Msx1 amino acid sequences from different species
The numbers are the NCBI accession numbers. The axolotl sequences are in red, mouse and chick
sequences are in black.  The axolotl sequence identified by Koshiba (D82577) is 55 amino acids
shorter than the axolotl sequence identified by us (AY525844, sequence is marked with *).
Differences in amino acid sequence between the old and the new axolotl Msx1 sequence are
highlighted in green.
3.2.3 Morpholinos reduce Pax7 levels in the differentiated and
regenerating spinal cord
Pax7 protein is expressed in dorsal progenitor cells of the developing spinal cord
(Kawakami et al., 1997; Mansouri and Gruss, 1998; Yamamoto et al., 2001). The
monoclonal antibody against chick Pax7 recognizes the endogenous axolotl Pax7
protein, marking a dorsal domain in the mature and regenerating spinal cord (see
Figure 3-5). To reduce Pax7 levels in the spinal cord, the anti-Pax7 morpholino
together with a fluorescently tagged standard control morpholino was electroporated
into spinal cord cells by inserting a morpholino-filled glass microelectrode into the
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lumen of the spinal cord immediately following tail amputation as previously
described (Echeverri and Tanaka, 2003). The fluorescent standard control morpholino
was included in order to locate the successfully electroporated cells. In parallel
control experiments the inverted anti-Pax7 morpholino was electroporated together
with the fluorescent control morpholino. Axolotl tails were fixed at 2, 4, 6 and 8 days
after electroporation, and immunohistochemistry of Pax7 was performed on
cryosections. Figure 3-5A depicts typical Pax7 staining of the differentiated axolotl
spinal cord where the dorsal cells in and adjacent to the spinal cord ependymal layer
are positive for Pax7. By previous cell fate tracing studies, these ependymal cells have
been shown to be the cells that will form the regenerating spinal cord after tail
amputation (Echeverri and Tanaka, 2003). Pax7 staining is reduced in the axolotl cells
that took up the anti-Pax7 morpholino (Figure 3-5B, the arrow points to cells that
downregulated Pax7). Downregulation of Pax7 protein expression was quantified in
single cells and in relation to the fluorescent standard control morpholino. Cells that
had taken up the fluorescent control morpholino and that were located in the Pax7
expression domain were chosen randomly for quantifications. The comparison of
Pax7 expression after electroporation of antisense or control morpholinos is shown in
figure 3-5E. I observed up to 5-fold reduction in Pax7 protein levels in vivo, and
continue to observe repression 8 days post-amputation (Student’s t-test values for 2, 4
and 8 days: 3.88e-05, 3.067e-09 and 0.0077 respectively).
Figure 3-5. Morpholinos downregulate axolotl Pax7 expression in the mature and
regenerating spinal cord
Inverted control Pax7 morpholino (invMO, A) or anti-Pax7 morpholino (pax7MO, B) was co-
electroporated with FITC-labeled standard control morpholino into spinal cord cells.   Cross-
sections of the differentiated axolotl spinal cord 2 days post electroporation show FITC-labeled
standard control morpholino (fl.MO) in green, Pax7 antibody staining in red and nuclear Hoechst
staining in blue. The arrow points to the electroporated region of the dorsal spinal cord in which
the Pax7 protein is specifically downregulated by the morpholino against axolotl Pax7. In the
mature spinal cord, Pax7 is expressed in the dorsal spinal cord cells, but not, or only weakly in the
dorsal midline. This is also the case in unelectroporated samples. C, D: Cross-sections of 6-day
regenerating spinal cords that were electroporated with morpholino on day 0 post-amputation.
Pax7 staining is present even in the distal tip of the 6-day control blastema (C), but not in the
regenerating spinal cord cells that were treated with Pax7 antisense morpholino (D, see arrow).
The same results were obtained with a Pax7 morpholino that is directly coupled to fluorescein.
Scale bar is 100µm. In all pictures dorsal is at the top and ventral at the bottom. E Quantification
of endogenous axolotl Pax7 protein after morpholino treatment. Fluorescence intensities from
Pax7 antibody staining and from the fluorescent morpholino were measured in single cells (n>22)
at indicated time points after electroporation. Each bar represents the average ratio of Pax7
antibody fluorescence to standard control morpholino fluorescence per cell normalized to the
value for the inverted morpholino on day 2.   
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The cells electroporated with the morpholinos represent the progenitors for the
regenerating spinal cord, so an important question was whether protein
downregulation continued as these cells contributed to the regenerating tissue. Figure
3-5C and D indeed show that fluorescent morpholinos are still easily detectable in the
regenerating spinal cord. Furthermore, Pax7 protein expression continues to be
inhibited in the ependymal cells of the regenerating spinal cord (Figure 3-5D,E).
When I observed the tails containing anti-Pax7 morpholinos no obvious phenotype on
regeneration could be detected.
3.2.4 Msx1 protein knockdown or overexpression has no effect on
muscle dedifferentiation
Msx1 is upregulated during urodele limb regeneration and mouse digit tip
regeneration (Han et al., 2003; Koshiba et al., 1998). Odelberg and Keating proposed
a role for Msx1 in muscle dedifferentiation. They conditionally expressed Msx1 via
retroviral transduction in cultured mouse myotubes and found that a small percentage
of the myotubes produced proliferative, mononucleated cells (Odelberg et al., 2000).
The role, however, of Msx1 in dedifferentiation has not been tested in vivo. Here I
have assayed the role of Msx1 in axolotl muscle fiber dedifferentiation during tail
regeneration in vivo. The goal was to determine if blocking Msx1 expression or
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overexpressing Msx1 in muscle fibers at the plane of amputation would inhibit or
enhance the percentage of muscle fibers that underwent dedifferentiation. In vivo
immunohistochemistry of Msx1 resulted in very faint signals that were difficult to
quantitate, so I first assessed the effectiveness of the anti-Msx1 morpholino to block
protein expression by overexpressing the protein in A1 cells. After transfection of the
full-length axolotl Msx1 sequence into A1 cells the protein cold easily be detected
with a monoclonal antibody against chick Msx1+2. Axolotl Msx1 was correctly
located in the nuclei of the cells (Figure 3-6A), according to its role as a transcription
factor. The morpholino designed against my Msx1 sequence worked well in inhibiting
protein expression since cells positive for GFP and the anti-Msx1 morpholino showed
no detectable staining of the Msx1 protein (Figure 3-6B). Msx1 downregulation was
quantified by measuring the ratio of fluorescence from Msx1 antibody staining to
nuclear GFP fluorescence as depicted in Figure 3-6C.
Figure 3-6. Morpholinos knock down protein expression of ectopically expressed axolotl
Msx1
Newt A1 cells were electroporated with 2 plasmids, encoding eGFP and Msx1, and either the
inverted control morpholino (invMO, A) or the morpholino against Msx1 (msx1MO, B). GFP is
expressed in the cytoplasm and in the nucleus, whereas Msx1 is exclusively found in the nucleus,
consistent with its role as a transcription factor. Cells receiving anti-Msx1 morpholino show weak
or undetectable Msx1 levels. C Fluorescence intensities from the Msx1 antibody staining and from
nuclear eGFP expression were measured in single cells (n>13), and the ratio of Msx1/nucGFP
fluorescence was calculated.
Having established the effectiveness of the anti-Msx1 morpholino, I tested the
role of Msx1 in muscle dedifferentiation in vivo. Anti-Msx1 morpholino or the
inverted control morpholino was electroporated into single muscle fibers of the
axolotl tail, together with a DsRed expression plasmid to monitor successful
electroporation. Three days post-electroporation the tail was amputated directly
behind the DsRed expressing fibers. The muscle cells were followed once per day for
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8 days under the fluorescence microscope and dedifferentiating fibers were scored as
described previously in (Echeverri et al., 2001). There was no significant difference in
the number of dedifferentiating fibers containing either Msx1-antisense or control
morpholino (Table 3-1). A typical example of a morpholino-containing muscle fiber
that dedifferentiated is depicted in Figure 3-7A,B. This muscle fiber was
electroporated in vivo with the DsRed expression plasmid plus the Msx1 antisense
morpholino. The fibers containing the anti-Msx1 morpholinos dedifferentiated 3 to 5
days after amputation, indistinguishable from control fibers.
Figure 3-7. Muscle fibers electroporated in vivo with either the Msx1  antisense
morpholino or the Msx1 expression plasmid display normal muscle dedifferentiation
Tail muscle fiber electroporated with DsRed and anti-Msx1 morpholino. Up to 2 days post-
amputation (dpa) the fiber is stable (A) and 3 dpa it dedifferentiates into mononucleate cells (B).
The purple dashed line marks the amputation plane. C,D Tail muscle fiber electroporated with
DsRed and Msx1 expression plasmids. The fiber remains stable 3 days (C) and 6 days (D) post-
expression (dpe) of the plasmids. The left panel of A-D shows the fluorescence from the DsRed
protein and the right panel is the overlay of the fluorescence and the DIC picture. Scale bar is
100µm.
Table 3-1. Msx1 Morpholino does not inhibit in vivo muscle fiber dedifferentiation
            Fiber stable         Fiber fragments              Total      % Fragmented
Experiment 1
   DsRed + msx1MO 6 16 22 72.7
   DsRed + invMO 6 14 20 70
Experiment 2
   DsRed + msx1MO 7 11 18 61
   DsRed only 6 11 17 65
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I also tested the effect of overexpressing Msx1 in muscle fibers. Single tail
muscle fibers were electroporated with a plasmid encoding the axolotl Msx1 gene
driven by the CMV promoter together with the DsRed plasmid to monitor positively
electroporated fibers. Between 5 and 10% of muscle fibers undergo dedifferentiation
in the absence of tail amputation, likely triggered by the small injury that is done to
the tail during the electroporation process (Table 3-2). Such a condition of a small but
detectable muscle dedifferentiation frequency was ideal when looking for
enhancement of dedifferentiation by Msx1 expression. As can be seen from the results
in Table 3-2 the overexpression of Msx1 did not stimulate dedifferentiation
significantly above the level of the controls transfected with DsRed and empty vector.
Figure 3-7 panels C and D show a muscle fiber that was co-transfected in vivo with
the DsRed and the Msx1 expression plasmid. The fiber did not dedifferentiate but
remained stable even 6 days after transfection. The expression of Msx1 in the
electroporated muscle fibers was confirmed by staining electroporated tails with the
monoclonal anti-Msx1 antibody. As expected, the ectopically expressed Msx1 was
easily detectable in the nuclei of the electroporated fibers (Figure 3-8).
Figure 3-8. Overexpressed Msx1 is present in the nuclei of in vivo electroporated muscle
fibers
Muscle fibers in the axolotl tail were co-electroporated with the DsRed and the Msx1 expression
plasmid. 6 dpe the tails were fixed and 20µm thick cryosections were stained with the monoclonal
antibody against Msx1. DsRed fluorescence is in red, Msx1 antibody staining in green and nuclear
Hoechst in blue. Scale bar is 100µm.
Table 3-2. Msx1 overexpression does not stimulate in vivo muscle fiber dedifferentiation
   Overexpression of          Fiber stable         Fiber fragments              Total      % Fragmented
   DsRed + Msx1         29 2         31           6.4
   DsRed + empty vector         37 4           41           9.7
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3.2.5 Rad and its dominant negative version S105N have no effect on
muscle fiber dedifferentiation in cultured cells and in vivo
In the newt limb, Rad is upregulated in the muscle fibers at the amputation plane
(Shimizu-Nishikawa et al., 2001). Melanoma cells that overexpress Rad show further
twofold enhanced DNA synthesis in response to serum. In contrast, overexpression of
the dominant negative version of Rad that is devoid of GTP-binding, S105N led to
slightly reduced responses to serum stimulation compared to controls (Zhu et al.,
1999). The specific upregulation of Rad in muscle fibers during newt limb
regeneration and the possibility that it plays a role in S-phase entry makes it an
interesting candidate gene to test in muscle fiber dedifferentiation. To assay the role
of Rad in dedifferentiation, human Rad and its dominant negative version, S105N
(Zhu et al., 1996; Zhu et al., 1995) were expressed in newt A1 cells and in axolotl
muscle fibers in vivo.
First, the expression of Rad in A1 myotubes was confirmed by RT-PCR since
no good antibody against human Rad was available. Therefore, GFP  was
electroporated into A1 myotubes with or without Rad or S105N. Total RNA was
extracted from the transfected cells and the expression of all three genes was
examined by RT-PCR. In the case of Rad  or S105N transfected myotubes the
respective genes could be amplified from total RNA with gene specific primers,
whereas they could not be amplified from GFP transfected cells only (Figure 3-9).
Figure 3-9. Rad and S105N
are expressed in A1
myotubes
RT-PCR of Rad  + GFP and
GFP only (A) and S105N +
G F P  and GFP only (B)
transfected A1 myotubes. Rad
mRNA can be amplified with
gene specific primers after
transfection of the Rad
expression vector but not after
transfection of GFP only (A).
The same is true for S105N
(B).
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In the next step the role of Rad and S105N in A1 myotube S-phase reentry was
assayed. A1 myotubes were coelectroproated with either Rad or S105N and GFP, to
monitor positively electroporated cells. Different serum concentrations were added to
the transfected cells and the percentage of BrdU incorporating myotubes was
calculated. At no tested serum concentration did the transfected myotubes show
significantly enhanced or inhibited DNA synthesis compared to the controls (Figure
3-10).
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To assay the role of Rad in axolotl muscle fiber dedifferentiation in vivo
S105N was electroporated together with DsRed or GFP into axolotl tail muscle fibers
and dedifferentiation was induced by amputation. No inhibition of muscle fiber
dedifferentiation could be observed in this case in two independent experiments
(Table 3-3).
Rad
Figure 3-10. Rad and S105N do
neither enhance nor inhibit S-
phase reentry of A1 myotubes
At all serum concentrations tested
neither overexpression of Rad, nor
of its dominant negative version
S105N altered S-phase reentry of A1
myotubes significantly. Bars
represent the average of 3
experiments. Between 30 and 100
cells were counted in total per
condition. Error bars are standard
deviations.
Table 3-3. S105N does not inhibit in vivo muscle fiber dedifferentiation
                Fiber stable          Fiber fragments             Total       % Fragmented
Experiment 1
   GFP + S105N            9                 4       13           30.8
   GFP + empty vector          10    6       16           37.5
Experiment 2
   DsRed + S105N            1  18       19            94.7
   DsRed + empty vector            2  21       23            91.3
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3.3 Discussion
Here I have described the use of morpholinos to knockdown protein expression
during regeneration. This represents to date the only available method beyond
expression of dominant negative plasmid constructs or the use of pharmacological
inhibitors to negatively interfere with gene function during urodele regeneration.
Attempts to implement RNA interference have been unsuccessful so far in my hands.
Electroporation of long dsRNA or small interfering RNA (siRNA) against GFP in the
newt A1 cells or in vivo in the axolotl did not interfere with GFP expression (E
Schnapp and EM Tanaka, unpublished). The conditions I used in RNA interference
experiments effectively interfere with expression in mouse embryos (Calegari et al.,
2002).
Morpholino electroporation can be used to target individual cells and study
their behavior in the context of normal regeneration as shown here for muscle fibers.
The advantage of knocking down proteins only in a few cells of a given tissue is that
their behavior can be studied on the background of a wildtype organism and
observations can be made down to the single cell level. Genetic knockouts can have
the disadvantage of either being lethal, or having such a strong phenotype that
interpretations are very difficult. In these studies I was able to electroporate cells in
the mature tissue that ultimately contribute to the regenerating tissue. Furthermore,
continued depression of protein expression was observed for 8 days post-amputation.
This indicates that morpholino knockdown is valuable for studying genes involved in
the early steps of blastema formation. Unlike in zebrafish, I have so far not observed
any non-specific, deleterious effects of morpholinos on newt and axolotl cells.
Pax7 and Msx1 genes were initially chosen because of their putative function
in spinal cord and muscle dedifferentiation and because of the availability of
antibodies to assess protein knockdown. While Pax7 expression could be reduced in
spinal cord neural progenitor cells, no overall phenotype was seen. This may either be
due to redundancy in gene function, and/or due to insufficient knockdown. I favor the
former, redundancy in gene function, since the Pax7 knockout mouse does not show a
phenotype in the central nervous system (Mansouri et al., 1996).
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Msx1 has been suggested to induce muscle dedifferentiation, based on
experiments on cultured mouse myotubes (Odelberg et al., 2000). I would like to note
however, that Koshiba et al (Koshiba et al., 1998) found that the onset of Msx1
expression during limb regeneration occurred after 10 days in the blastema, which is a
time after dedifferentiation has already occurred. In my hands, in situ hybridization of
Msx1 shows robust staining in the mature and regenerating spinal cord, but expression
in dedifferentiating muscle fibers is not detectable at similar levels (data not shown).
Such observations also question the role of Msx1 in muscle dedifferentiation.
I have functionally tested here the role of Msx1 in axolotl muscle fiber
dedifferentiation in vivo, with the result that there is no stimulation or block of
dedifferentiation by overexpressing or downregulating Msx1 in the muscle fibers at
the amputation plane. Considering the results from Odelberg et al, it is surprising that
neither overexpression nor protein knockdown produced a detectable phenotype in
vivo. These results may indicate that Msx1 has no role in in vivo muscle
dedifferentiation. Further work will be required to resolve the true role of Msx1 in
muscle dedifferentiation, for example whether other factors influence its ability to
induce muscle dedifferentiation.
In addition to Msx1 the role of Rad in muscle fiber dedifferentiaton was tested
here in cultured A1 myotubes and in axolotl muscle fibers in vivo. Both Rad and its
dominant negative version. S105N did not alter significantly S-phase reentry of A1
myotubes in various serum concentrations. Moreover, S105N did not inhibit the
frequency of axolotl muscle fiber dedifferentiation in vivo. These results suggest that
Rad does not play a major role in muscle dedifferentiation. It should be noted
however that human Rad genes were used in these overexpression studies. It is
possible that the outcome of these experiments would change with newt or axolotl
Rad genes. Attempts to clone the axolotl Rad have been unsuccessful so far. The
ability to electroporate genes and morpholinos also into A1 cells is a valuable tool to
study gene function in a culture assay of dedifferentiation in the future.
Taken together I have shown successful protein knockdown during vertebrate
regeneration. Such a tool will be important in the future to move from descriptive
studies towards a more detailed understanding of the molecular aspects of
regeneration.
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Hedgehog signaling controls dorsal/ventral
patterning, blastema cell proliferation and
cartilage induction during axolotl tail
regeneration
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4.1 Introduction
Axolotl tail regeneration involves the regrowth and patterning of multiple tissue types
including the spinal cord, muscle, cartilage, dermis, fin and skin. After tail amputation
and epithelial wound healing, the spinal cord grows out as a tube of neuroepithelial
progenitor cells, called the ependymal tube. The ependymal tube is surrounded by
blastema cells, the progenitor cells that give rise to the mesodermal tissues in the tail,
such as dermis, cartilage and muscle. How coordinated growth and patterning of the
different tissue types occurs on a molecular level during axolotl tail regeneration is
still unknown. Transplantation experiments have established that the spinal cord
harbors critical dorsal/ventral (d/v) patterning information not only for the ependymal
tube, but also for the surrounding tissues such as muscle and cartilage (Holtzer, 1956).
Holtzer rotated a piece of tail spinal cord 180o about its d/v axis, implanted it back
into the mature tail and amputated the tail through the operated region. In this
situation both the spinal cord and the surrounding tissue regenerated upside down,
with cartilage forming dorsally with respect to the whole animal, but still next to the
original ventral side of the spinal cord (Holtzer, 1956). This and further work by
Holtzer strongly suggests that cartilage is induced by the ventral half of the
regenerating spinal cord during urodele tail regeneration. It also implies that the
mature spinal cord maintains d/v patterning information and that this patterning
information is transmitted into the regenerate. Similarly, studies in limb regeneration
indicate the presence of d/v patterning information within the mature limb that is
required for proper growth and patterning of the regenerate (Carlson, 1974; Carlson,
1975; Holder et al., 1980).
While the molecular mechanisms underlying spinal cord regeneration are
poorly understood, the patterning of the developing neural tube into distinct d/v
progenitor domains has been molecularly characterized in recent years (for reviews
see (Bronner-Fraser and Fraser, 1997; Ericson et al., 1997a; Tanabe and Jessell,
1996). The neural tube is subdivided into distinct domains as defined by a series of
homeodomain and paired box-containing transcription factors with the dorsal-most
domain defined by Msx1 and 2 expression, dorsal-lateral cells by Pax7, lateral
domains by Pax6, and Nkx6.1 and Nkx2.2 increasingly ventral domains. The size and
placement of these domains is controlled by several morphogens. Sonic hedgehog
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(Shh), a cholesterol-modified extracellular signaling factor expressed in the notochord
and the floor plate induces ventral neural tube cell types in a concentration dependent
manner (Briscoe et al., 1999; Ericson et al., 1997a; Ericson et al., 1997b; Litingtung
and Chiang, 2000; Roelink et al., 1995). The Shh gradient in the neural tube is
antagonized by dorsally secreted BMPs from the epidermal ectoderm and the dorsal
roof plate cells of the neural tube (Liem et al., 1995), which specifies a subset of
interneurons in the dorsal neural tube (Lee et al., 2000; Liem et al., 1997). Whereas
BMP4 and 7 activate the expression of Msx1, Pax7 and Pax6 in the dorsal and lateral
neural tube, Shh has a concentration-dependent inhibitory effect on the expression of
these markers (Goulding et al., 1993; Liem et al., 1995; Timmer et al., 2002). Low
concentrations of Shh block Msx1 and Pax7 expression but induce Pax6 expression in
the lateral neural tube cells. High concentrations of Shh however inhibit Pax6
expression in the floor plate cells of the neural tube (Ericson et al., 1997b). Thus,
during embryogenesis, the notochord ventrally and the ectoderm dorsally impose d/v
patterning on the neural tube through extracellular signaling.
During development, the action of Shh and BMPs is not restricted to
patterning the neural tube. These morphogens also play important roles in controlling
cell proliferation, patterning and cell-type specification of somite-derived cells such
as the sclerotome, resulting in a coordinated patterning of the neural tube and its
surrounding mesodermal structures. Shh mutant mice lack vertebrae columns and ribs,
demonstrating that Shh signaling from the notochord and ventral neural tube is crucial
for sclerotome development (Chiang et al., 1996). More specifically Shh induces the
expression of sclerotomal markers like Pax1 and Sox9 (Fan and Tessier-Lavigne,
1994; Marcelle et al., 1999; Murtaugh et al., 1999; Zeng et al., 2002), which are
essential for sclerotome development and cartilage formation (Bi et al., 1999; Peters
et al., 1999). Similarly, Shh regulates myogenic precursors by positively regulating
Myf5 expression (Gustafsson et al., 2002). In addition to sclerotomal and myogenic
markers Shh induces proliferation of the somitic mesoderm (Fan et al., 1995;
Marcelle et al., 1999). Shh also negatively regulates its own signaling by upregulation
of its own binding receptor Patched-1 (Goodrich et al., 1996). Taken together this
information indicates that Shh signaling plays diverse roles in the somite, namely
proliferation, patterning and negative feedback. The interplay of all three may help
define the shape and size of the developing sclerotome-derived skeletal components.
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I sought to investigate the molecular identity of the d/v patterning information
in the axolotl spinal cord, how the spinal cord communicates it to the regenerating
spinal cord, and subsequently to the surrounding blastema tissue. Towards this aim I
asked whether the well-described embryonic neural progenitor cell markers were
present in the mature and/or regenerating spinal cord. Here I demonstrate that Shh,
Pax6, Pax7 and Msx1 are expressed in their respective domains in the mature axolotl
spinal cord as well as in the ependymal tube. This represents the first time that the
molecular basis of d/v patterning information in the mature axolotl tissue has been
defined. Patched-1 expression further indicates that hedgehog signaling occurs both
within the ependymal tube, and to surrounding blastema cells. By blocking hedgehog
signaling through the drug cyclopamine, I show that it is required not only for d/v
patterning of the ependymal tube, but for overall tail regeneration. Specifically the
proliferation of blastema cells and Sox9 expression in the ventral blastema is
dependent on hedgehog signaling. Therefore the induction of cartilage by the
regenerating spinal cord during tail regeneration is mediated at least in part through
hedgehog.
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4.2 Results
4.2.1 Shh, Pax6, Pax7 and Msx1 are expressed in the mature and
regenerating axolotl spinal cord
In order to determine the molecular nature of d/v patterning in the axolotl spinal cord
I examined the secreted signaling molecule Shh and the transcription factors Pax6,
Pax7  and Msx1 as well-described and distinct markers of dorso-ventral neural
progenitor cell populations in the embryonic neural tube (Echelard et al., 1993; Jostes
et al., 1990; Robert et al., 1989; Walther and Gruss, 1991). All of these markers were
expressed in both the mature axolotl spinal cord and in the ependymal tube in d/v
domains very similar to those found in development. Shh is expressed in the ventral
most cells of the axolotl spinal cord (the floor plate) (Figure 4-1A-C), Pax6 is
expressed in the lateral spinal cord cells (Figure 4-1D,E), Pax7 is expressed in the
dorso-lateral cells of the spinal cord (Figure 4-1F,G) and Msx1 is expressed in the
dorsal most spinal cord, the roof plate cells (Figure 4-1H-J). In addition to the
expression of Pax7 in the spinal cord, it is also expressed in the lateral edges of the
mature tail and the blastema (Figure 4-1F,G). It is likely that these Pax7+ blastema
cells represent muscle progenitor cells since Pax7 is a known satellite cell marker
(Seale et al., 2000), and the Pax7+ cells in the mature tail lie adjacent to muscle fibers
(Figure 4-2). In this analysis it was crucial to perform the gene and protein expression
analysis on tissue sections rather than whole mount preparations. With whole mounts,
spinal cord staining was observed in the regenerate but not the mature tissue,
presumably due to insufficient penetration of in situ probe and antibody in the mature
part of the tissue, and thus would have given the false impression of a regeneration-
specific upregulation of the genes.
The gene expression analysis indicates that the putative progenitor cells in the
mature axolotl spinal cord show an embryonic pattern of d/v neural tube markers. In
addition the same d/v pattern is present in the ependymal tube throughout axolotl tail
regeneration.
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Figure 4-1. Shh, Pax6, Pax7 and Msx1 are expressed in the mature and regenerating
axolotl spinal cord
All panels are cross-sections with the dorsal side up. A-C Shh is expressed in the floor plate of the
mature spinal cord (A) and in the ventral most ependymal cells 6 days post-amputation (dpa) (B,
C). The overview in C shows that Shh is expressed exclusively in the ependymal tube. D, E Pax6
is expressed in the lateral cells of the mature axolotl spinal cord (D) and in the lateral ependymal
cells 8 dpa (E). F, G Pax7 is expressed in the dorso-lateral cells of the mature spinal cord (F) and
in the dorso-lateral domain of the ependymal tube 6 dpa. In addition Pax7 is expressed in lateral
tail cells (F,G). H-J Msx1 is expressed in the roof plate of the mature spinal cord (H) and in the
dorsal most ependymal cells 4 and 5 dpa (I, J for overview). Panel A-E, H-J show in situ
hybridizations, panel F and G antibody staining. Scale bar in A, B, E-G is 100 µm. Scale bar in C,
D, H-J is 50 µm.
Figure 4-2. Pax7+ cells lie adjacent to mature muscle fibers in the axolotl tail
Mature axolotl tail muscle fibers are identified on cross sections by their position in the lateral tail
and by their high background after antibody staining. Pax7+ cells lie adjacent to the muscle fibers
(arrows). Scale bar is 100 µm.
4.2.2 Hedgehog signaling is required for overall tail regeneration
Shh is a potent morphogen patterning the ventral half of the spinal cord, which leads
to the correct spatial organization of interneurons and motorneurosn during
development (for reviews see (Litingtung and Chiang, 2000; Marti and Bovolenta,
2002). Since Shh was expressed in the mature and regenerating axolotl spinal cord I
wanted to assess its function in the establishment of the d/v identity of the
regenerating tail. An interesting question was whether interfering with the d/v pattern
in the regenerating spinal cord would have an effect on the overall d/v organization of
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the regenerating tail, for example, on the position of cartilage formation. Furthermore,
I wanted to examine if Shh is necessary for ependymal cell proliferation since it has
been shown that Shh can act as a mitogen on neural progenitor cells both in vitro and
in vivo (Bambakidis et al., 2003; Lai et al., 2003; Machold et al., 2003; Palma et al.,
2005).
In order to inhibit the Shh signaling pathway during tail regeneration I turned
to the widely used chemical inhibitor cyclopamine, which blocks hedgehog signaling
by antagonizing the hedgehog receptor Smoothened (Chen et al., 2002; Taipale et al.,
2000).  The drug can be easily administered through the axolotl water. Interestingly, I
found that in the presence of cyclopamine overall axolotl tail regeneration was
strongly inhibited (Figure 4-3A-G). Wound healing and fin formation occurred
normally, and the ependymal tube grew to a limited extent, but a proper blastema did
not grow (compare Figure 4-3A-C with D-F). The rate of ependymal tube growth was
substantially lower compared to control regenerates (Figure 4-3G). In terms of the
blastema phenotype, few blastema cells had accumulated in cyclopamine-treated
regenerates 4 days post-amputation (dpa) in comparison to the control (compare
Figure 4-3A with D). The effect became more evident at later stages of regeneration,
when even up to 14 dpa neither cartilage nor muscle differentiation took place in
cyclopamine-treated regenerates (compare Figure 4-3B,C with E,F). Cartilage and
muscle starts to differentiate at 6 dpa and 10 dpa respectively in control regenerates
(not shown). After 8 days of cyclopamine treatment the initial outgrowth of the
ependymal tube stopped, and the tube slowly regressed over the following days
(Figure 4-3G). The inhibitory effect of cyclopamine on tail regeneration could be
observed at concentrations ranging from 600nM to 6µM, while the same
concentrations of tomatidine, a closely related compound to cyclopamine that does
not interfere with Shh signaling, did not have this effect (Figure 4-3G). Since the
various concentrations of cyclopamine tested all yielded very similar results, only the
lowest concentration (600nM) was used for the experiments reported here.
To test if cyclopamine exerts a specific inhibition of the hedgehog signaling
pathway during tail regeneration I added a hedgehog agonist (Frank-Kamenetsky et
al., 2002) together with cyclopamine. Under these conditions a tail with normal
cartilage and muscle patterning regenerated (Figure 4-3H-K). The inhibition of tail
regeneration by cyclopamine and the rescue of this phenotype with a hedgehog-
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pathway agonist strongly suggest that hedgehog signaling is required for overall tail
regeneration.
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4.2.3 Hedgehog signaling is continuously required during tail
regeneration
To examine whether hedgehog signaling was only required for the establishment of a
blastema or whether it was continuously required for tail regeneration, a three-day
blastema was allowed to form in water and subsequently treated with cyclopamine.
The blastema that had formed during the first three days persisted through the
cyclopamine treatment and even differentiated into cartilage, but it did not grow or
differentiate any further, in contrast to the ependymal tube (Figure 4-4). This result
demonstrated that hedgehog signaling is not required for survival of the blastema but
for continous blastema growth.
Figure 4-3. Cyclopamine treatment blocks axolotl tail regeneration and a hedgehog
agonist rescues the phenotype
A-C Control regenerates 4, 8 and 14 dpa. The blastema cells are surrounding the ependymal tube
at 4 dpa (A). Cartilage has differentiated 8 dpa (B) and muscle 14 dpa (C). D-F Cyclopamine-
treated tail regenerates 4, 8 and 14 dpa. The fin and the ependymal tube have grown but a
blastema is not visible (compare A and D). No cartilage has differentiated 8 dpa (E) and no
muscle has formed 14 dpa (F). G Quantification of the lengths of control and cyclopamine-treated
tail regenerates over time. The length of the regenerating spinal cord is taken as a measurement for
overall tail regeneration. Data points represent the average length of three regenerates; error bars
are standard deviations. H-J  Cyclopamine-treated regenerate (H), cyclopamine and agonist-
treated regenerate (I), and normal tail regenerate (J) 10 dpa. The tails in I and J are
indistinguishable. K Quantification of regenerates’ lengths (as in G) in indicated conditions shows
that 40 nM of the agonist are sufficient to rescue the cyclopamine effect whereas 4nM are not.
Dashed line in A-F and H-J marks the amputation plane. Scale bar in F, J is 0.5 mm.
Figure 4-4. Late cyclopamine
treatment prevents further
blastema growth
3-day-old blastemas (A) regenerated
4 more days in water (B) or in
cyclopamine (C). Alcian Blue stain
of the tail depicted in C
demonstrated that  the initial
blastema had differentiated into
cartilage in the presence of
cyclopamine (D), but no further
blastema growth occurred. Note that
the ependymal tube grew out.
Arrows in C and D point to the distal
tip of cartilage. Scale bar is 0.5 mm.    
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4.2.4 Morpholinos against Shh can reproduce the late cyclopamine
phenotype
To examine whether the cyclopamine effect was due to specific inhibition of sonic
hedgehog and not any other hedgehog family member I asked if it could be
reproduced with an anti-Shh morpholino. Therefore I cloned the 5’ end of axolotl Shh
by RACE and used a morpholino that spanned the start codon of the Shh mRNA (see
Materials and Methods for details). It turned out that electroporation of morpholino
into the ependymal tube resulted in greater efficiency (more cells taking up the
morpholino) than electroporation into the mature spinal cord. I therefore targeted
ependymal cells 6 dpa with either the anti-Shh or a control morpholino and examined
the regenerates following electroporation. In one experiment the anti-Shh morpholino
reproduced the late cyclopamine phenotype in 2 out of 4 regenerates while the control
morpholino did not have an effect on 6 out of 6 regenerates (Figure 4-5. Compare
Figure 4-5C,D to Figure 4-4C,D).
Figure 4-5. Shh morpholinos can reproduce the late cyclopamine phenotype
6 dpa the ependymal tube was elelctroporated with control (A,B) and anti-Shh (C,D)
morpholinios. Whereas 3 dpe the tails with control morpholino regenerated normally (A,B) the
tails with anti-Shh morpholino only regenerated the ependymal tube but the blastema did not grow
(C,D). Arrows in C,D point to the distal end of cartilage that had formed during the first 6 dpa.
Fluorescent morpholinos are in green. All panels represent DIC and fluorescent overlays. Dashed
line marks the amputation plane. Scale bar is 0.5 mm.
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Unfortunately, the Shh morpholino mediated inhibition of tail regeneration could not
be reproduced despite several attempts at various conditions. In 5 other experiments
no effect of anti-Shh morpholino on tail regeneration was observed (n=4-8 for each
condition), likely due to the limited delivery of morpholino into an insufficient
number of ependymal cells. Since the morpholino approach was thus not useful for
more detailed examinations of the inhibition of tail regeneration cyclopamine was
used in all further experiments.
4.2.5 Hedgehog signaling is necessary for the correct establishment of
d/v progenitor domains in the ependymal tube during tail
regeneration
When I examined the ependymal tube in cyclopamine-treated regenerates for d/v
patterning defects I observed expansion of the dorsal spinal cord markers Pax7 and
Msx1 into more ventral regions (compare Figure 4-6A and D with Figure 4-1G and I).
In regenerates treated with cyclopamine and agonist together, the Msx1 and Pax7
expression domains were restored, demonstrating the rescue of the cyclopamine effect
(compare Figure 4-6B and E with Figure 4-1G and I). Treatment of regenerating tails
with the agonist alone abolished Pax7 expression from the dorsal ependymal tube
(Figure 4-6C). In contrast, Pax7 positive cells in the surrounding lateral blastema
tissue that presumably represent muscle progenitors persisted in the presence of
agonist (Figure 4-6C).
I conclude from these results that hedgehog signaling is required for the
correct establishment of d/v progenitor domains in the regenerating axolotl spinal
cord.
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4.2.6 Patched-1 is expressed in the ependymal tube as well as in the
blastema
Since the strongest effect of inhibiting hedgehog signaling during tail regeneration is
a reduced tail blastema, I wanted to know whether blastema cells directly receive the
hedgehog signal. I therefore examined the expression of the hedgehog binding
receptor Patched-1 (Ptc-1) by in situ hybridisation. In normal regenerates Ptc-1 is
expressed in the ventral and lateral ependymal tube cells, and in the blastema cells
surrounding the ependymal tube (Figure 4-7B,C). The blastema cells ventro-lateral to
the ependymal tube displayed the strongest signal (Figure 4-7B,C). Ptc-1 itself is a
target gene of the hedgehog signaling pathway that it is upregulated where Shh
signaling occurs (Goodrich et al., 1996). Agonist-treated regenerating tails show
increased Ptc-1 expression: most or all of the ependymal cells and also most of the
blastema cells express Ptc-1 (Figure 4-7E,F). Together these data indicate that
blastema cells receive the hedgehog signal directly. Although it is not known if also
other hedgehog family members are expressed during regeneration, the expression of
Ptc-1 in the ependymal tube and the surrounding blastema tissue is consistent with the
ependymal tube as the primary source of hedgehog signal.
Figure 4-6. The effect of cyclopamine and agonist on Pax7 and Msx1 expression
A-C Pax7 antibody stainings on cross-sections of cyclopamine-treated regenerate (A), rescued
regenerate (B), and agonist-treated regenerate (C). The Pax7 expression domain in the dorsal
ependymal tube is expanded ventrally in A, normal in B (compare to Figure 4-1G), and absent in
C (dashed line in C marks the ependymal tube). The arrows in A, B point to the ventral border of
Pax7 expression in the ependymal tube. Note that the Pax7 expression persists in the lateral
blastema cells in C. Pax7 staining is in red and nuclear Hoechst staining in blue. D, E  In situ
hybridization of Msx1 on cross-sections of cyclopamine-treated (D) and rescued regenerates (E).
Msx1 expression in the ependymal tube of cyclopamine-treated regenerates is strongly expanded
laterally (D, compare to Figure 4-1I). The rescued tails show normal Msx1 expression (F). Scale
bar is 100 µm in all panels.
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Figure 4-7. Ependymal cells and tail blastema cells express the hedgehog receptor Ptc-1
A-F In situ hybridization of Ptc-1 on cross-sections. Sense probe shows no staining of the entire
cross-section both in control (A) and agonist-treated (D) regenerates. Ptc-1 is expressed in the
ventral ependymal cells (dashed line marks the ependymal tube) and in the blastema (B, C). Note
that the staining in the blastema is strongest in the cells surrounding the ventral ependymal tube. C
is taken at twice the magnification of B. A-C is 4 dpa. Ptc-1 expression is increased in agonist-
treated regenerates (E, F). All of the ependymal cells and the vast majority of ventral blastema
cells express Ptc-1 in agonist-treated animals. F is taken at twice the magnification of E. D-F is 5
dpa. Scale bar in A-F is 100µm.
4.2.7 Hedgehog signaling is required for Sox9 expression in the tail
blastema
Knowing that Shh signaling can occur from the ependymal tube to the surrounding
blastema cells I wanted to investigate if Shh is required for patterning the blastema
tissue. During development Shh induces the expression of the early cartilage marker
Sox9 in the sclerotome (Tavella et al., 2004; Zeng et al., 2002). I examined whether
cartilage progenitors in the early blastema express Sox9, and whether this expression
is controlled by hedgehog signaling. I found that Sox9 is expressed in a defined area
of the blastema ventral to the ependymal tube from 4 dpa on (Figure 4-8), which is 2
days prior to obvious cartilage differentiation.
Figure 4-8. Sox9 is expressed 4 dpa in the ventral tail blastema
In situ hybridization of Sox9 on cross sections of 4-day old
regenerates. Blastema cells ventral to the ependymal tube are positive
for Sox9. Scale bar is 100 µm.   
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In contrast Sox9 expression was not detectable in cyclopamine-treated regenerates 6
dpa (Figure 4-9A,B), while agonist-treated regenerates show an increased expression
domain of Sox9, and occasional dorsal blastema cells expressing the gene (Figure 4-
9C, arrows). Despite this expanded expression of Sox9 in the agonist-treated sample,
no overt cartilage differentiation was observed in the dorsal blastema, and the ventral
cartilage rod appeared normal.
I further examined whether hedgehog signaling affects putative muscle
progenitors during tail regeneration. It was evident that cyclopamine-treated tail
blastemas contained fewer Pax7 positive cells (compare Figure 4-6A with 4-1G and
4-6B). Quantification of the percentage of Pax7 positive blastema cells indicated a
50% reduction in cyclopamine-treated versus control regenerates (10% versus 23%
Figure 4-9D).
Figure 4-9. Sox9 and Pax7 expression are reduced in cyclopamine-treated blastemas
A-C Sox9 in situ hybridization on cross-sections of control (A), cyclopamine-treated (B) and
agonist-treated (C) regenerates 6 dpa. Note the absence of staining in B. The arrows in C point to
Sox9 positive dorsal blastema cells. Scale bar in A-C is 100 µm. D Quantification of Pax7 positive
blastema cells in control and cyclopamine-treated regenerates 6 dpa. Columns represent the mean
percentage of Pax7 positive blastema cells of 3 regenerates (total number of counted cells per
regenerate is between 704 and 1128). Error bars indicate standard deviations. T-test value is
0,0007.
4.2.8 Hedgehog signaling controls blastema cell proliferation
The overall morphology of cyclopamine-treated regenerates indicated that the fin was
normal, but the size of the blastema was severely reduced (compare Figure 4-3A with
D). On cross-sections I observed that cyclopamine-treated regenerates had a smaller
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width compared to controls (compare Figure 4-6A with 4-1G and 4-6B and Figure 4-
9A with B).
I examined whether the reduction of the blastema was due to apoptosis or a
block in cell division. TUNEL staining of cyclopamine and control samples were
indistinguishable, suggesting that massive apoptosis did not account for the blastema
defect (data not shown). To examine cell proliferation, I performed cumulative BrdU
labeling for 48 and 72 hours starting 3 dpa. The percentage of BrdU positive
ependymal cells and BrdU positive ventral blastema cells was calculated in control
and cyclopamine-treated regenerates at 48 hours after the initial injection. I observed
a different effect of cyclopamine on proliferation of ependymal cells versus ventral
blastema cells (compare Figure 4-10A with B). Whereas cyclopamine treatment had
only a minor effect on the fraction of proliferating ependymal cells (from 99% to
86%, Figure 4-10A), it had a strong, statistically significant inhibitory effect on the
fraction of proliferating ventral blastema cells from 95% to 56% (Figure 4-10B). This
inhibitory effect is stable over time, since I observed the same decrease of BrdU
incorporation at 72 hours, indicating that all proliferating cells had incorporated
BrdU. I conclude that hedgehog signaling controls the proliferation of approximately
40% of ventral tail blastema cells. This number could be an underestimate, since I
could have inadvertently included some fin cells (that regenerate normally) in the
analysis.
Figure 4-10. Hedgehog signaling controls blastema cell proliferation
A, B Quantification of cumulative BrdU labeling in ependymal cells (A) and ventral blastema
cells (B). Each bar represents the mean percentage of BrdU-positive cells of 2-4 regenerates at the
indicated length of total BrdU labeling. Between 76 and 255 ependymal and blastema cells were
counted in total per regenerate. Error bars are standard deviations. T-test values are 0,005 at 48
hours and 0,212 at 72 hours in A, and 0,003 at 48 hours and 0,002 at 72 hours in B.
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4.2.9 Shh has distinct activities on the limb versus the tail blastema
To address whether the cyclopamine effect on tail blastema cell proliferation might
represent a nonspecific effect on cell division, I examined whether cyclopamine had a
distinct effect on the limb blastema. When regenerating limbs were treated with
cyclopamine, limb regenerates of normal length but lacking digits were obtained
(Figure 4-11), consistent with the expected defects in antero-posterior digit patterning
as in the developing limbs of the Shh knock-out mouse (Chiang et al., 1996), and as
previously observed for axolotl limb regeneration (Roy and Gardiner, 2002). We
conclude that Shh has different effects on limb versus tail regeneration. Whereas
cyclopamine-treated tails show a profound effect on both growth and patterning of the
regenerate, cyclopamine-treated limbs are only affected in the anterior-posterior
patterning of the digits. This data together with the previous data further indicates that
the cyclopamine phenotype in the tail is due to a specific inhibition of the hedgehog
signaling pathway.
Figure 4-11. Cyclopamine treatment of the regenerating axolotl limb does not affect
blastema growth but leads to digit loss
A The regenerated control limb 15 dpa. B The regenerated cyclopamine-treated limb structure 15
dpa. The arrow in B points to the regenerated rod of cartilage. The dashed line in A and B marks
the amputation plane. Scale bar is 0.5 mm.
Chapter 4 91
4.2.10 Ectopic activation of hedgehog signaling in the absence of the
spinal cord is not sufficient for tail regeneration
It was previously shown that tail regeneration is dependent on the presence of the
spinal cord at the plane of amputation. Removal of the spinal cord from the distal tip
of the tail and subsequent tail amputation blocks growth until the spinal cord
regenerates back (Donaldson and Wilson, 1975; Holtzer H., 1955). Due to the striking
similarity between spinal cord removal and the cyclopamine effect on tail
regeneration I wanted to test whether hedgehog signaling is the sole spinal cord signal
required for blastema growth and thus tail regeneration. I therefore removed the spinal
cord from the tip of the axolotl tail, amputated through the tail devoid of spinal cord,
and treated animals with the hedgehog agonist. No regeneration occurred in tails
without spinal cord either in the presence or absence of agonist (Figure 4-12 A-C).
This result indicates that hedgehog signaling is not sufficient to rescue tail
regeneration in the absence of the spinal cord. At least one other factor must exist in
the spinal cord that is required for tail regeneration
Figure 4-12. Hedgehog signaling is not sufficient for tail regeneration in the absence of
the spinal cord
A Mock operated axolotl tail shows normal 7-day regenerate. B Tail with spinal cord removed
does not regenerate. C Agonist-treated tail without spinal cord also does not regenerate. Arrows
point to the distal tip of the spinal cord in all panels. Dashed line marks the amputation plane.
Scale bar is 0.5 mm.    
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4.3 Discussion
I have examined here the d/v patterning information that is present in the mature
axolotl spinal cord and its transmission to the regenerate. This work has uncovered a
role for hedgehog signaling not only in d/v patterning of the spinal cord and
surrounding tissues such as cartilage, but also in blastema cell proliferation. I showed
that Shh, Pax6, Pax7 and Msx1 are expressed in the mature axolotl spinal cord in d/v
domains similar to those found in development, and that this expression persists in the
ependymal tube throughout tail regeneration. This represents the first time that the
patterning information present in the urodele mature tissue and required for
regeneration has been localized on a molecular and cellular level. One question that
arises is how these domains are "propagated" along the growing ependymal tube.
Several pieces of evidence suggest that signaling within the spinal cord is important
for the correct propagation of the domains during regeneration. 1) D/v rotation of the
mature spinal cord results in a rotated orientation of the regenerated spinal cord,
indicating that the d/v patterning information in the regenerate comes from the mature
spinal cord. 2) Lineage tracing experiments indicate that the d/v progenitor cell
domains in the axolotl spinal cord are not transmitted to the regenerating tail by
simple lineage restriction since 30% of clones from a single ependymal cell span
multiple d/v domains (Mchedlishvili, manuscript in preparation). 3) The evidence
presented in this chapter indicates that Shh is expressed in the ventral floorplate of the
mature and regenerating spinal cord. Inhibition of hedgehog signaling during tail
regeneration caused an expansion of dorsal neural progenitor domains while
activation of hedgehog signaling induced a reduction of dorsal progenitor domains.
This indicates that ventral Shh expression in the regenerating spinal cord controls d/v
progenitor cell identity during tail regeneration. How the Shh expression domain itself
is maintained in the mature spinal cord and established in the regenerating tube is not
yet clear. Taken together, these data strongly indicate that although during
development, the initial d/v patterning of the neural tube is imposed from structures
outside of the neural tube, in regeneration, the source of ventral Shh signaling comes
from within the regenerating spinal cord.
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4.3.1 The molecular circuitry controlling d/v spinal cord patterning
during regeneration
In these experiments, I tested the role of hedgehog signaling by bathing the animals in
a uniform concentration of the inhibitor, cyclopamine or the agonist, Hh-Ag1.9.
Cyclopamine alone caused ventral expansion of dorsal neural progenitor markers such
as Pax7 while agonist alone caused the disappearance of the Pax7 domain presumably
representing a severe ventralization of the ependymal tube. Interestingly, the
combination of cyclopamine and agonist restored a relatively normal Pax7 domain,
and indeed, normal growth and d/v patterning of the entire tail. On the surface it may
seem surprising that restoration of normal patterning occurs in response to uniform
application of an inhibitor and agonist to a morphogen that clearly acts in a
concentration dependent manner (Briscoe et al., 1999; Ericson et al., 1997a; Ericson
et al., 1997b; Roelink et al., 1995). It should be understood however that these
pharmacological treatments are superimposed on the normal expression of
endogenous morphogens such as Shh and presumably BMP family members. For
example I did not see an alteration of Shh expression in the presence of cyclopamine.
This means that endogenous gradients of hedgehog and BMP are likely still
functioning in the face of uniform chemical agents. It is therefore likely that the
inhibitor/agonist co-treatment uniformly balances out inhibition and activation of the
hedgehog pathway, allowing the endogenous concentration-dependent signaling to be
manifested.
In terms of establishing the various d/v progenitor cell domains within the
spinal cord, a relatively detailed understanding has been gained in embryonic studies
and it can be assumed now that the same signaling networks are implemented during
regeneration. In particular, Briscoe et al. have suggested a model to explain how Shh
signaling from the floor plate could result in the establishment of distinct neural
progenitor domains along the d/v axis of the neural tube (Briscoe et al., 2000). Graded
Shh signaling results in the definition of two distinct types of molecular domains. The
expression of so called class I homeodomain proteins such as Pax7, Irx3, Dbx1, Dbx2
and Pax6 (found in dorso-lateral regions) are repressed by Shh signaling while
expression of class II homeodomain proteins including Nkx6.1 and Nkx2.2 in ventral
spinal cord cells are activated by Shh signals. Cross-repressive interactions between
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class I and class II homeodomain proteins, such as those between Pax6 and Nkx2.2
(Briscoe et al., 2000) establishes, refines and stabilizes the progenitor cell domains.
Although a specific class II protein that represses Pax7 has not been identified yet,
presumably additional class II proteins may exist (Briscoe et al., 2000). Therefore in
the experiments reported here, the ventral expansion of Pax7 in cyclopamine-treated
regenerates is likely due both to an increase in Pax7 expression stemming from
reduced hedgehog signaling, and a decrease in the level of class II proteins that
require hedgehog signaling for their expression and that act by restricting Pax7
expression to a dorsal domain. Conversely, reduction of Pax7 in ependymal tubes of
hedgehog-agonist-treated regenerates might be due to both an increase in hedgehog
signals and in the level of class II proteins that subsequently repress Pax7 in the dorsal
tube.
During development, BMPs in the dorsal ectoderm and roof plate are critical
morphogens for d/v neural tube patterning. I surmise that BMP4 and WNT3a are
expressed in the dorsal axolotl spinal cord. Although BMP4 and WNT3a could be
detected in tail blastema RNA by RT-PCR attempts to localize BMP4 and WNT3a by
in situ hybridization or phosphoSMAD1 immunohistochemistry have so far been
unsuccessful. The presence of Msx1, a known down-stream target of BMP4 (Liem et
al., 1995; Timmer et al., 2002), in the axolotl dorsal spinal cord suggests the presence
of BMP signaling within the spinal cord.
4.3.2 The role of hedgehog signaling in patterning the tail blastema
In addition to the role of hedgehog signaling in patterning the regenerating spinal cord
I demonstrate here that hedgehog is also required for patterning the surrounding
blastema tissue. The early cartilage marker Sox9 was not expressed in cyclopamine-
treated animals. I favor the idea that this reflects a requirement of hedgehog to induce
Sox9 expression rather than complete absence of Sox9 expressing cells in the
blastema, for several reasons. First, during development, Shh signaling from the
notochord and neural tube induces Pax1, Pax9 and Sox9 in the sclerotome, the
precursors for cartilage (Fan and Tessier-Lavigne, 1994; Marcelle et al., 1999;
Murtaugh et al., 1999; Tavella et al., 2004; Zeng et al., 2002). In the blastema, the
location of Sox9 expression with respect to the regenerating spinal cord is distinct
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from that during development since it appears ventral to the ependymal tube rather
than in lateral sclerotomal cells. Although regeneration does not proceed through a
morphologically distinct somite it is, however very likely that the molecular signaling
pathway leading to cartilage formation in the two contexts are the same. Second, the
hedgehog agonist could induce ectopic Sox9 expression in dorsal regions of the
blastema. The fact that only isolated dorsal blastema cells expressed Sox9 rather than
massive formation of cartilage throughout the blastema in agonist-treated regenerates
is likely due to the inhibitory role of molecules like BMPs in the dorsal regenerate
that would antagonize the agonist effect.
4.3.3 The role of hedgehog signaling in blastema cell proliferation
A striking aspect of the results presented here is the profound dependence of tail
regeneration on hedgehog signaling. BrdU labeling indicated at least a 40% reduction
in cycling blastema cells. This result likely represents an underestimate, since it is is
difficult to distinguish the cycling fin cells from the blastema cells due to lack of a
blastema cell marker. I favor the idea that Shh is a direct mitogen for blastema cells
since the patched receptor is expressed in the blastema, although it is possible that
hedgehog expression in the regenerate may be necessary for the expression of a
blastema cell mitogen. For example in the limb, Shh expression upregulates FGF4 in
the apical ectodermal ridge to promote limb bud outgrowth (Laufer et al., 1994;
Niswander et al., 1994). I have tested the role of signaling through the FGFR1 in tail
regeneration and found that it cannot account for the effect of hedgehog. While
chemical inhibition of FGFR1 signaling during tail regeneration via the
pharmacological inhibitor SU5402 initially slowed down regeneration slightly, the
regenerated tails showed no other phenotype and grew to a normal length (data not
shown)—a phenotype quite distinct from hedgehog inhibition. It appears however that
hedgehog is not the sole factor required for blastema cell proliferation, as the
hedgehog agonist could not rescue the blastema growth defect produced by spinal
cord removal.
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4.3.4 Concluding remarks
This study also has implications for understanding the origin and fate of blastema
cells. Since Shh is already expressed in the mature spinal cord, the tail blastema cells
receive signals that direct them to specific cell fates as soon as they are born. A naive
blastema cell may therefore be extremely difficult to detect. Although the ventral
blastema cells behave similarly to sclerotome, it is not clear if an early blastema cell
that responds to the Shh signal is equivalent to an early somite cell, a presomitic
mesoderm cell, or is a completely distinctive cell type. It is possible, for example, that
the blastema cell has more fates available to it compared to a typical sclerotomal cell.
Furthermore, it is unclear if the Sox9 expressing blastema cells derive solely from
sclerotomal derivatives in the mature tissue, or whether different tissue types can
contribute blastema cells that are induced to express Sox9. Echeverri and Tanaka
showed that cells can migrate from the spinal cord and contribute to cartilage during
tail regeneration indicating that cartilage precursors have diverse origins (Echeverri
and Tanaka, 2002). Specific labeling of different cell types in the mature tissue and
long-term lineage tracing will be required to fully address this issue.
It is noteworthy that the role of hedgehog signaling during axolotl limb
regeneration is clearly different from its role in tail regeneration. In the limb blastema
Shh controls a/p digit formation and does not severely inhibit blastema outgrowth or
cartilage formation. This indicates that blastema cells likely have region-specific
identities that allow them to respond to inductive cues in distinct ways. Presumably
this region-specific identity is maintained in the mature tissue and inherited by
blastema cells, although it is possible that such identity is positively reinforced during
regeneration, and that in certain cases, this identity could be reversed.
The maintenance of patterning information in the mature tissue may be a
central feature of regenerative ability. Adult mouse and chick spinal cord tissue does
not maintain the markers examined here and this may represent a block for
regeneration (Fu et al., 2003; Yamamoto et al., 2001). Interestingly, injury of the
mouse spinal cord did result in the appearance of Pax7+ cells in the parenchyma of
the dorsal horn (Yamamoto et al., 2001). These Pax7+ cells co-stained with nestin,
indicating that they may have the capacity to act as progenitor cells. Such
observations suggest the possibility that mammals harbor a latent capacity to re-
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induce important aspects of cell patterning after injury. The comparison of patterning
marker expression in spinal cord progenitor cells (and other tissues) in different
species may be an important dimension of understanding the regenerative ability.
Chapter 5
General Discussion
Chapter 5 99
5.1 Alternative Pathways of Lineage Specification during
Axolotl Tail Regeneration
5.1.1 Origin and Potential of Blastema Cells
As the controversial discussions on the origin of urodele blastema cells had already
suggested, and supported by the work presented here, the axolotl tail blastema appears
to be a composition of cells of highly diverse origins. In addition to dermal cell origin
as shown by Muneoka (Muneoka et al., 1986), this thesis work supports muscle
dedifferentiation and reserve cells as parallel sources for blastema cells. Furthermore,
different cell lineages seem to use alternative pathways during tail regeneration.
While muscle tissue in the axolotl tail seems to regenerate mainly through muscle
progenitor cells present in the mature tail and in the blastema, cartilage tissue might
be induced in the tail blastema ‘de novo’. The characteristics of different cell lineages
during axolotl tail regeneration are discussed in more detail below.
While the origin of the blastema has been intensively discussed, the exact
developmental potential of single blastema cells is an open question. The possibility
to induce ectopic expression of Sox9 in the tail blastema indicates that blastema cells
are plastic and can change fate. It will be interesting to determine the potency of
blastema cells and whether or not possible differences in their developmental
potential are related to blastema cell origin. One way of how cell potency could be
studied is by implantation of labeled blastema cells in the early embryo, and
following their fate. Can mesenchymal blastema cells give rise for example to all
ectodermal, mesodermal and endodermal lineages in the embryo? Another question is
if blastema cells can differentiate into spinal cord cells upon implantation into the
mature or regenerating spinal cord. The recent development of transgenic axolotls in
which cells are permanently labeled (Sobkov, manuscript in preparation), will now
allow to address these questions.
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5.1.2 Muscle
The finding here that putative Pax7+ muscle progenitor cells are present in increased
amounts in the regenerating axolotl tail compared to the mature tail suggests that the
majority of muscle tissue is regenerated from satellite cells during axolotl tail
regeneration, although hard evidence for the fate of the Pax7+ cells (for example
through lineage tracing) is still missing. Due to the lack of a good Pax7 promoter
construct, lineage tracing of Pax7+ cells has not been feasible until now. There is
evidence that muscle progenitor cells also exist in other urodeles (Cameron, 1986),
which supports the idea that muscle regeneration occurs through these progenitor
cells. In the axolotl, the localization of Pax7+ cells in the lateral tail and in the lateral
regenerate further suggests that Pax7+ blastema cells are derived from Pax7+ cells in
the mature tail. The existence of muscle progenitor cells in urodeles raises the
question what becomes of the blastema cells derived from dedifferentiating muscle
fibers? It has been shown that dedifferentiating fibers contribute to the blastema cell
pool, and combined with the myotube implantation data it is likely that some muscle
derived blastema cells can transdifferentiate into cartilage (Echeverri et al., 2001; Lo
et al., 1993). Dedifferentiating fibers could eventually also give rise to tissues other
than cartilage in the regenerate, including muscle, as a parallel pathway to muscle
progenitor cell differentiation. It has been demonstrated that muscle formation during
mammalian development and regeneration can occur from several, distinct sources. In
addition to the well known somite source during development and satellite cell source
during regeneration, even cells derived from bone marrow, vessels, brain, adipose
tissues and sinovia have been shown to contribute to muscle formation (for review see
Cossu and Biressi, submitted). Furthermore, it is known that cells from the ependymal
tube can give rise to muscle fibers during axolotl tail regeneration (Echeverri and
Tanaka, 2002), indicating that several pathways for muscle differentiation are active
during axolotl tail regeneration.
In order to follow the fate of dedifferentiating muscle fibers through
regeneration, the implementation of a Cre-lox system in stable transgenic axolotl
seems to be the most appropriate method. If Cre recombinase is driven by a muscle
specific promoter it can induce transgene expression specifically and permanently in
the muscle lineage. This method would allow the fate of all dedifferentiating muscle
Chapter 5 101
fibers to be followed. The contribution of dedifferentiating fibers to the blastema pool
could thus be calculated more accurately and transdifferentiation events could easily
be observed. In addition, it could be examined whether or not the muscle derived
blastema cells and transdifferentiated cells still express muscle specific markers. Ng
showed that neuroectoderm derived cells that transdifferentiated into endodermal
lineages upon animal cloning continued to express genes of their ectodermal origin
and vice versa, indicating that epigenetic memory can be inherited through the course
of transdifferentiation (Ng and Gurdon, 2005).
5.1.3 Cartilage
As may be the case for muscle, the work presented here together with published data
strongly suggests that at least two independent cellular sources exist for cartilage
formation during axolotl tail regeneration. In the early tail regenerate Sox9+ cells are
present in the ventral blastema, in the exact position where cartilage will differentiate.
The Sox9+ cells thus likely represent the vast majority of cartilage forming cells in the
regenerating tail. Where these cells come from in the regenerate is not yet known. Are
they derived for example from dermal cells that populate the blastema, or even from
dedifferentiating muscle fibers? Or are there Sox9+ cells present in the mature axolotl
tail, as in the case of Pax7? The sheet cells that surround the notochord may be
candidates for Sox9 expression. In situ hybridization of cryosectioned notochord
tissue has been unsuccessful so far, due to the difficulty to preserve the loose structure
of the vacuolated notochord cells. Cartilage or bone in the mature tail may be another
source of Sox9+ cells. Steen has presented some evidence that cartilage tissue in the
mature limb can contribute to the regeneration blastema and to the regenerating
cartilage lineage (Steen, 1968). Classical experiments however have shown that
cartilage regenerates even in the absence of any bone in the limb stump tissue
(Fritsch, 1911). It is not known if Sox9 is also expressed in the regenerating limb and
therefore it is still possible that the cartilage lineage during limb regeneration uses a
different pathway than during tail regeneration. In addition to Sox9+ cartilage
progenitor cells in the tail blastema, the ependymal tube has been shown to contribute
small numbers of cells for cartilage formation (Echeverri and Tanaka, 2002).
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Echeverri showed that some ependymal cells exit the ependymal tube during tail
regeneration and differentiate into cartilage. Although this way of cartilage formation
occurred later during tail regeneration (after 8 dpa), and only a certain percentage of
cells exiting the tube actually differentiated into cartilage, it does represent an
alternative pathway of cartilage differentiation. The fact that excess hedgehog
signaling can induce ectopic Sox9 expression in the tail blastema, as demonstrated in
chapter 4, suggests that Sox9 expression in the blastema occurs through induction and
not through lineage expansion of Sox9+ cells in the mature tail. If this holds true and
if Pax7+ blastema cells are truly derived from dividing Pax7+ cells in the mature tail,
then these two progenitor lines stand representative for the first two alternative
pathways identified of how cell lineages are normally established in the regeneration
blastema.
5.1.4 Spinal Cord
From what is known so far, the ependymal tube appears to be the most plastic tissue
in the regenerating axolotl tail. Apart from giving rise to the entire spinal cord, it also
represents a source of cells that gives rise to as diverse tissues as melanocytes,
cartilage and muscle (Echeverri and Tanaka, 2002). The future task will be to
determine exactly which cells in the ependymal tube have this remarkable potential to
transdifferentiate, whether these cells can be identified by a lineage-specific gene
expression program prior to terminal differentiation, and if this is the case, whether
such an expression program is already turned on inside the ependymal tube. It has
been demonstrated, for example, that muscle specific markers like Myf5, are
coexpressed together with neural markers in the developing mammalian neural tube
(Tajbakhsh et al., 1994), which suggests that these cells have a potential or bias to
differentiate into the muscle lineage. If Myf5+ cells exist in the axolotl ependymal
tube is not known yet but it is a good candidate marker gene for transdifferentiation
into muscle, and since I have established a functional in situ hybridization protocol,
its expression can now be examined. The recent achievement to culture and propagate
axolotl ependymal cells as neurospheres (Mchedlishvili, personal communication)
will also allow the factors that determine ependymal cell differentiation into diverse
lineages to be studied in vitro. It further allows for the examination of the full potency
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of ependymal cells by implantation of the neurospheres into either the embryo or the
blastema, and following their fate.
Work presented in chapter 4 of this thesis demonstrates that the ependymal
tube as well as the mature axolotl spinal cord, express embryonic d/v patterning
markers of the developing neural tube. This is the first time that patterning
information in the mature tissue required for regeneration has been identified on a
molecular level and localized on a cellular level. The d/v patterning information in the
mature spinal cord at the amputation plane seems to be transmitted directly into the
ependymal tube during tail regeneration, from where it influences also the
surrounding tissues. It was shown here that Shh signaling from the ventral ependymal
tube likely specifies cartilage in the early blastema, which suggests that Shh mediates
at least in part the effect of an upside-down tail regenerate after 180o rotation of the
mature spinal cord, as reported by Holtzer in 1956. The continuous expression of d/v
patterning markers in the mature and regenerating spinal cord is interesting in light of
recent experiments showing that vimentin and nestin expression is upreglated in the
regenerating ependymal tube of the newt (Walder et al., 2000). It suggests that the
ependymal cells at the amputation plane dedifferentiate into a stem cell-like state, and
at the same time keep their d/v identity, or positional information. The question is
what factors induce the dedifferentiation event. As appears to be the case for muscle
dedifferentiation, such factors are likely linked to wounding responses and/or blood
clotting. It will be important in the future to identify the molecular differences in
normal and ‘activated’ or dedifferentiated ependymal cells, and to identify the factors
that trigger these events. Research in muscle dedifferentiation might provide an
informative basis also for ependymal cell dedifferentiation.
It should be noted here that all the studies on axolotl gene expression were
performed on larval axolotls that still contained the notochord. It is not yet clear if
sexually mature (that is more than one year old) axolotls express the genes examined
here as well, and to which extent they do so. Mchedlishvili showed that Pax7 is
expressed in sexually mature axolotl spinal cords, in a manner very similar to what
was found in the larval animals (Mchedlishvili, personal communication), suggesting
that also the other d/v embryonic patterning markers are expressed in adult animals.
However, apart from the studies on Hox gene expression there is no proof for other
embryonic genes being expressed in the adult axolotl.
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The terminal vesicle of the ependymal tube is a suggestive candidate for
playing an important role in growth and/or patterning of the tail regenerate, since it is
a specialized structure of the tube. In the terminal vesicle the dorsal and ventral half
of the ependymal tube come together. Both Shh and Msx1 are expressed in the
terminal vesicle (not shown), suggesting that Shh and BMP signaling directly
confront each other there. This meeting point might create a signaling center that is
important for spinal cord and tail regeneration. Endo showed that when a wound on
the anterior part of a limb was covered with a posterior piece of skin from the
contralateral limb, and a nerve was deviated to this wound, then regeneration of an
ectopic limb was induced (Endo et al., 2004). This suggests that juxtaposition of
tissues with different positional values and the presence of nerves might be sufficient
for regeneration. My attempts to interfere with tail regeneration by inhibiting terminal
vesicle formation via insertion of a tapered glass needle into the spinal cord canal
directly after amputation have been unsuccessful so far. I predict that careful
examination of the gene expression that occurs in the terminal vesicle compared to the
adjacent tube will give important insights into the role it plays in regeneration.
An interesting observation that was made here during the early stages of
axolotl spinal cord regeneration is that the ependymal tube does not express Sox9 (see
Figure 4-8 and 4-9), a conserved neural crest marker (Cheung and Briscoe, 2003; Lee
et al., 2004; Li et al., 2002). Moreover, a wave of migrating potential neural crest cells
out of the ependymal tube has never been observed, although single cells do exit the
ependymal tube during tail regeneration (Echeverri and Tanaka, 2002). This indicates
that neural crest formation, as it is known to occur during embryonic development,
does not seem to happen during tail regeneration. On the other hand Msx1, another
neural crest marker that likely acts upstream of Sox9 during development (Tribulo et
al., 2003), is expressed in the axolotl ependymal tube and may be a potential neural
crest marker also during tail regeneration. It is possible that neural crest cells are
specified at later stages of tail regeneration than examined here and that at this time
Sox9 expression will be induced. The source for neural crest derivatives in
regeneration is not clear, but biolistic transfections of stump spinal cord cells and
lineage tracing experiments of single cells in vivo have shown that the spinal cord
contributes single neural crest cell derivatives, like Schwann cells and melanocytes
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(Benraiss et al., 1997; Echeverri and Tanaka, 2002). Future studies will have to
resolve whether these cells are derived from Msx1+ ependymal cells.
5.1.5 Urodele versus Anuran Regeneration
It is noteworthy that Xenopus tail regeneration differs in several ways from urodele
tail regeneration. During Xenopus tail regeneration no tissue plasticity has been
observed so far. Neither spinal cord cells nor muscle fibers show any signs of
metaplasia during tail regeneration, and the spinal cord, notochord and muscle all
regenerate from the corresponding tissue in the stump (Gargioli and Slack, 2004;
Ryffel et al., 2003). In addition, the notochord but not the spinal cord appears to be
required for Xenopus tail regeneration (Akira Tazaki, personal communication). In
this regard the notochord in Xenopus tadpoles might have a similar function during
tail regeneration as the spinal cord in the axolotl, and both tissues are sources of Shh.
Whereas the Xenopus notochord does actually regenerate notochord tissue during tail
regeneration, the urodele notochords do not regenerate and a rod of cartilage is
formed instead. Also, while Shh expression can be observed in the uninjured tadpole
spinal cord, it is not found in the regenerating spinal cord, indicating the absence of a
floor plate during Xenopus tail regeneration (Akira Tazaki, personal
commnunication). Except for the case of muscle, which in both systems seems to
regenerate mainly from satellite cells (Gargioli and Slack, 2004 and this thesis), it
becomes clear today that basic mechanistic differences underlie urodele and anuran
regeneration, which makes it difficult to judge how closely related these two
regeneration pathways are in evolutionary terms.
5.2 Identifying Molecular Pathways in Axolotl
Regeneration
Monitoring gene and protein expression gives a first hint of the mechanisms that may
operate during regeneration, and the establishment of a functional in situ
hybridization protocol on axolotl tissue sections clearly facilitated gene expression
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studies in regeneration on a cellular level. Solely based on the expression pattern of
Pax7 in the mature and regenerating axolotl tail, together with what is known about
Pax7+ cells in other organisms and contexts, one can deduce a putative role for Pax7+
blastema cells in axolotl regeneration. What becomes important then, is the possibility
to test such putative protein functions on a molecular level. This thesis work has
implemented for the first time a method that allows specific inhibition of protein
expression on a cellular level during axolotl regeneration by the use of morpholinos
(see Chapter 3). Here, this method was used to test candidate genes in muscle fiber
dedifferentiation with the unfortunate outcome that none of the genes tested seem to
play a major role in this process. Taking advantage of the morpholino method as
developed in this thesis a positive result was found in studies of limb patterning
during regeneration. Mercader et al showed that morpholinos against Meis1+2
electroporated in axolotl limb blastemas reduced the level of proximal
transformations induced by RA treatment, whereas control morpholinos did not
(Mercader et al., submitted). This result indicates that proximal identity during limb
regeneration is specified by a RA-Meis pathway, as it is during limb development. It
further demonstrates that morpholinos can be used successfully to identify protein
function in regeneration in vivo. In addition to the in vivo application of morpholinos
they have been shown here to downregulate protein expression in cultured urodele
cells as well. Such a method will be an important tool to determine the molecular
pathways that underlie S-phase reentry of newt myotubes. Information gained from
the more amenable culture system could then be extended to in vivo dedifferentiation
studies.
While electroporation of genes or morpholinos into axolotl tissues is a useful
tool to change protein expression on a single cell level, this method is less sufficient
when it comes to entire tissues, such as the ependymal tube. Anti-Shh morpholinos
showed a phenotype on tail regeneration in 1 out of 6 experiments only (see Chapter
4). On the other hand, electroporation of Meis morpholinos into the limb blastema had
a reproducible effect on limb regeneration (Mercader et al., submitted). Since
electroporation cannot target 100% of cells in a given tissue, in the cases where the
behaviors of whole tissues want to be examined it might be more effective to use
other methods, like drug treatments or bead implantations. The caveat of drug
treatment is that it is only useful to study well known pathways, but not to identify the
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function of new genes, unless drug screens are performed. With the insights provided
here in the role of the hedgehog signaling pathway during tail regeneration it will be
interesting now to identify what role the opposing BMP pathway plays in this context.
Since BMP antagonists like noggin and follistatin exist and are widely used, such
studies can easily be performed. In addition, the role of FGFs in relation to Shh
signaling can be studied now. First experiments using the FGFR inhibitor SU5402
resulted only in a slight retardation of axolotl tail regeneration (not shown), which
suggests that FGFs are not potential blastema mitogens downstream of Shh.
A different starting point to identify molecular pathways that act very early in
regeneration is from the perspective of chromatin. It was demonstrated here that HP1
relocalizes in dedifferentiating muscle fiber nuclei (see Chapter 2), which raises the
question of what triggers this event? Nuclear reorganization and changes in gene
expression likely underlie all dedifferentiation events, and identifying the molecular
pathways that result in chromatin modifications will therefore be of general interest
and use. Relocalisation of HP1 suggests that the methylation status of its binding site,
which is methylated lysine 9 of histone H3 (H3-K9), is reduced in dedifferentiating
muscle fibers. Using antibodies that discriminate between different methylation states
of H3-K9 will help to resolve whether this is actually the case. Intriguingly, serum-
stimulated differentiated newt myotubes that are going to enter S-phase show reduced
levels of dimethylated H3-K9, in contrast to unstimulated myotubes (S. Lööf,
personal communication). In addition, axolotl ependymal and blastema cells in vivo
have reduced levels of methylated lysine 27 of histone H3 (H3-K27) and methylated
lysine 20 of histone H4 (H4-K20) as compared to differentiated cells in the mature
tail tissue, while other methylation marks were indistinguishable in both tissues (A.
Kohlmaier, personal communication, and not shown), These data suggest the
existence of progenitor cell-specific methylation marks in regeneration. The
significance of these marks and the upstream pathways that establish them will be the
subject of future work.
6Materials and Methods
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6.1 Axolotl care and amputation
Ambystoma mexicanum (axolotls) were bred in our facility where they were kept at
18C in Dresden tap water and fed daily with artemia. The experiments described here
were performed on 3-6 cm long larval axolotl. For all surgery animals were
anesthetized in 0.01% ethyl-p-aminobenzoate (Sigma). Tail amputations were
performed under a dissecting microscope by one single cut with Cutfix Surgical
Disposable Scalpels (Braun) to remove the distal most quarter of the tail. Limb
amputations were done through the middle of the upper arm.
6.2 Transgenic Xenopus tadpole care and amputation
Xenopus tadpoles with a stable insertion of the LCMV:ECFP(loxP)EYFP reporter
were a kind gift from Ryffel (Ryffel et al., 2003). They were kept in 20C Dresden tap
water and daily fed with Staubfutter (sera micron). Tadpoles were anesthetized in
0.005% ethyl-p-aminobenzoate (Sigma) for all surgery. Xenopus tail amputations
were performed as described for axolotl tail amputations.
6.3 Expression constructs used
eGFP-N2, pDsRed2-N1 and pEYFP-α-Tubulin were purchased from Clontech
(maps available at www.clontech.com). To linearise the DsRed construct the gene
plus promoter were cut out from the pDsRed2-N1 plasmid with AflII and AseI
restriction enzymes and purified with the Quiagen plasmid purification kit. GFP-GPI
was a kind gift from Patrick Keller (Max Planck Institute, Dresden, Germany) and
was cloned by insertion of GFP into the pN1-FcRGPI vector, after removal of the
FcR. eGFPnls was a kind gift from Wulf Haubensack and was made by insertion of
the sequence encoding the SV40 nuclear localization signal at the C-terminus of the
eGFP molecule. Fibrillarin-YFP was a kind gift from David Stanek (Stanek et al.,
2001) and was made by insertion of the human fibrillarin cDNA into the eYFP-N1
vector from Clontech. GFP-HP1γ is a fusion protein of GFP with human HP1γ and
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was a kind gift from Gideon Grafi (Fass et al., 2002). It was cloned by me into the
eGFP-N2 vector in place of eGFP at the BamHI and NotI restriction sites.
CaggsEGFP was a kind gift from Francis Stewart (BIOZ, TU Dresden, Germany).
The caggs promoter is a fusion between the CMV and the chicken beta-actin
promoter. H2B-GFP (BD Pharmingen) is a fusion protein of human Histone 2B and
eGFP driven by an EF-1α  promoter in the mammalian vector, pBOS.
αCardiacactinGFP3 was a kind gift from Sylvia Evans (UCSD California, USA)
and made by insertion of cardiacactinGFP3 into the pCS2 vector. The rhodamine-
labeled GFP vector (pGeneGripTMRhodamine/GFP) was purchase from peqlab
(Erlangen, Germany). If not indicated otherwise all genes in the plasmids are driven
by the CMV promoter.
The axolotl Msx1 gene was cloned into the eGFP-N2 expression vector behind the
CMV promoter (replacing the eGFP gene). The eGFP sequence was cut out of the
vector with HindIII and NotI restriction enzymes and the same sites were used for
ligation of the Msx1 sequence into the backbone. Human Rad and the dominant
negative version S105N (devoid of GTP-binding activity) were a kind gift from Julie
Moyers. Rad was cut out by me with the restriction enzymes BamHI and EcoRI from
the pBABE plasmid and cloned into the pRK5 vector behind the CMV promoter, after
insertion of a polylinker into pRK5 containing the respective restriction sites. An
overview of all constructs used and of their sources is given in Table 6-1.
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Plasmid Source
eGFP-N2 Clontech
pDsRed2-N1 Clontech
pEYFP-α-Tubulin Clontech
GFP-GPI in pN1-FcRGPI Patrick Keller
eGFPnls Wulf Haubensack
Fibrillarin-YFP in eYFP-N1 David Stanek
GFP-HP1γ in eGFP-N2 Gideon Grafi
CaggsEGFP Francis Stewart
EF-1α H2B-GFP BD Pharmingen
αCardiacactinGFP3 Sylvia Evans
pGeneGripTMRhodamine/GFP peqlab
Msx1-N2 this work
Rad Julie Moyers
S105N Julie Moyers
Table 6-1. Plasmids used in this study and their respective sources
6.4 Electroporation of genes and morpholinos into axolotl
cells in vivo and into newt A1 cells in culture
6.4.1 In vivo electroporation of single axolotl tail muscle fibers
The set up for axolotl electroporation was identical to that described by Echeverri and
Tanaka (Echeverri and Tanaka, 2003).  For electroporation of single muscle fibers,
the skin from one side of the tail was removed so that the electroporation needle could
make direct contact with the surface of the muscle fiber. Plasmid DNA concentrations
used were between 0.2 and 0.5mg/ml. Several nanoliters of DNA solution were
injected (using a World Precision Instrument pressure injector) close to the muscle
cell and 5 pulses of 50 V, 200 Hz, and pulse length of 20 msec were applied using a
SD9 Stimulator (Grass Telefactor).
For downregulation of protein levels by morpholino, DNA and morpholino
concentrations used were 0.2µg/µl for cytoplasmic eGFP-N2 and pDsRed2-N1 and
7µg/ml of either anti-GFP or control morpholino. For Msx1 downregulation
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experiments 0.2µg/µl of pDsRed2-N1 and either 4 or 7µg/µl of Msx1 morpholino
were electroporated. For Msx1 overexpression the same concentration of pDsRed2-
N1 plus 0.4µg/µl of the Msx1 plasmid were used.
For S105N overexpression 0.5µg/ml of S105N expression plasmid were used together
with 0.2µg/ml of eGFP-N2 or pDsRed2-N1.
Dextran injections were performed as described in Echeverri et al (Echeverri et al.,
2001). To induce dedifferentiation the tail was either amputated or injured just caudal
to the labeled fibers.
6.4.2 In vivo electroporation of axolotl spinal cord cells
For bulk electroporation of the axolotl spinal cord, the animal was mounted on a tilted
stage, to allow visualization of the spinal cord lumen. The tail was amputated and
then the spinal cord lumen was injected with morpholino solution by insertion of a
needle into the central canal of the spinal cord (for more details see (Echeverri and
Tanaka, 2003). Concentrations of morpholinos used were: 4-8µg/ml of standard
control morpholino and 8-14µg/ml of either anti-Pax7 or inverted Pax7 control
morpholino.  After injection the needle was removed from the spinal cord and two
electrodes were placed dorsal-laterally on the sides of the tail. The homemade
electrodes consisted of rounded platinum plates of 0.5 cm diameter at the end of
plexiglass homemade tweezers. Pulse conditions were 25-40V (depending on the
animal size) given in 5 repeats with pulse length 50msec using the BTX Electro
Square Porator ECM 830.
6.4.3 Electroporation of newt A1 cells
Newt A1 cells (kind gift from Jeremy Brockes) were grown in 10% FCS modified
MEM at 250C and 2% CO2 as previously described (Ferretti and Brockes, 1988). For
electroporation the cells were grown to confluency in a 160cm2 tissue culture flask
and electroporated in 300µl Steinberg’s solution. 5 µg of Fibrillarin-YFP plasmid
were used to check Fibrillarin expression in urodele cells.
For the morpholino experiments 10µg of each eGFP-N2 and pDsRed2-N1 expression
plasmid, plus 150µg of either anti-GFP or control morpholino (inverted sequence of
anti-GFP  morpholino) were used for electroporation of A1 cells. Cells were
electroporated in 4 mm electroporation cuvettes (Eurogentec SA, Seraing, Belgium,
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www.eurogentec.com).  Electroporation conditions for A1 cells were 100V, 5pulses,
35msec pulse length on an Electro Square Porator ECM 830. For electroporation of
A1 cells with the Msx1 gene, 5µg of the Msx1 expression plasmid, 5µg of eGFP
(eGFP-N2 plasmid) or eGFPnls (kind gift from Wulf Haubensak, Max Planck
Institute, Dresden, Germany), plus 100µg of anti-Msx1 or inverted control
morpholino were used.
For A1 myotube electroporations one flask of A1 myoblasts was differentiated into
myotubes on a 10cm dish in 0.5% serum for four days. The tubes were
coelectroporated with 10µg of Rad or S105N expression plasmids together with 10µg
of eGFP-N2. Electroporation conditions for myotbues were 75V, 5pulses and 35msec
pulse length on the Electro Square Porator ECM 830. After myotube purification
through 100 and 30 µm sieves the transfected tubes were kept at 0.5, 2, 5 and 10%
serum concentrations for three days and 10µg/ml BrdU was added for 12 hours to the
cultures prior to fixation.
6.5 Microscopy
6.5.1 Live microscopy of axolotl muscle fibers and image aquisition
The fluorescent muscle fibers were imaged live through the axolotl skin that is only
several cell layers thick in the young animals. White strain axolotls were used that
contain negligible skin pigment. Muscle fibers were imaged using a 10x or 20x plan-
neofluar objective on a Zeiss Axiovert 200 system with a Spot digital camera,
controlled by MetaMorph image acquisition software. Pictures of dedifferentiating
fibers were taken between once and three times per day.
6.5.2 Fluorescence quantification
Quantifications of GFP and DsRed fluorescence in A1 cells and in axolotl muscle
fibers were done from live cells and animals, whereas quantifications of fluorescence
from Msx1 and Pax7 antibody staining and from nuclear GFP were done on fixed
samples.  Digital images of axolotl spinal cord cross sections were taken on an upright
Olympus BX61 microscope, and all pictures of A1 cells and live muscle fibers on the
inverted Zeiss Axiovert 200M microscope, using a Spot CCD camera.  For A1 cells
MATERIALS AND METHODS 114
and live muscle fibers the same pictures were used for fluorescence quantifications.
For fluorescence quantifications of Pax7 stained spinal cord cells pictures were taken
on a confocal ZEISS Axiovert 200M microscope
Average fluorescence intensities of one cell or one nucleus were measured in the
MetaMorph program, and background fluorescence was substracted for each field
separately.  The ratios of GFP/DsRed fluorescence (for the morpholino against GFP),
Msx1/nuclearGFP fluorescence (for the morpholino against Msx1 ), and
Pax7/fluorescent morpholino fluorescence (for the morpholino against Pax7) were
calculated.
6.6 Immunohistochemistry
6.6.1 Antibody stainings on axolotl tail cryosections
Tails were fixed in freshly made paraformaldehyde (PFA) overnight at 4C. After
washing in PBS tails were equilibrated in 30% sucrose and frozen in Tissuetek (OCT
compund, Sakura). 20 µm thick cryosections were prepared, washed in
TBS/0.1%tween, blocked in TBS+10% goat serum and stained with either rabbit anti-
phospho-Histone H3 (upstate, diluted 1:300), or rabbit anti-beta-catenin (Schneider et
al., 1996). The aliquot used here (1:20 dilution) is called P14L. It was affinity purified
in 1998 and was a kind gift from Hans Eppelein, TU Dresden, Germany. Secondary
antibody was Cy5-labeled goat anti-rabbit antibody (1:200 from Dianova).
16 and 20 µm-thick cross sections of the tail were processed for
immunohistochemistry with the anti-Pax7 mAB (Pax7, Developmental Studies
Hybridoma Bank, Iowa, USA). A Cy5-labeled secondary antibody (Dianova,
Hamburg, Germany, www.dianova.com) was used at 1:200 dilution. To calculate the
percentage of Pax7 positive cells in the blastema between 704 and 1128 blastema
cells were counted in total per regenerate.
For Msx1 stainings of electroporated muscle fibers the tail sections were incubated
with 100µg/ml mAB against Msx1+2 (concentrated supernatant of 4G1 cell line from
Developmental Studies Hybridoma Bank, Iowa, USA, www.uiowa.edu/~dshbwww/)
in TBS plus 20% goat serum at 4C overnight. The secondary antibody used was
TRITC labeled rabbit anti-mouse (DAKO, Glostrup, Denmark, www.dako.com)
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diluted to 1:200.
For BrdU stainings tails were fixed in Dent’s fixative (80% methanol, 20% DMSO)
48 and 72 hours after the initial BrdU injection. 16 µm thick cryosections were
prepared. DNA was denatured with 2N HCL for 12 minutes. Sections were processed
for antibody staining with mouse monoclonal anti-BrdU antibody directly coupled to
rhodamine (Tanaka et al., 1997). The percentages of BrdU positive ependymal cell
nuclei, and BrdU positive blastema cell nuclei ventral to the ependymal tubes, were
calculated. The graphs in figure 4-10 represent the mean percentage of BrdU positive
cells of 2-4 regenerates. Between 76 and 255 cells in total were counted in ependymal
tube and blastema per regenerate. Nuclear stainings were done with 1 µg/ml of
Hoechst or 0.33µg/ml PI for all stainings.
6.6.2 Immunofluorescence on A1 cells
A1 cells were fixed for 15’ in 4% paraformaldehyde (PFA), washed in TBS, and
incubated over night at 40C with 100µg/ml mAB against Msx1+2 (concentrated
supernatant of 4G1 cell line from Developmental Studies Hybridoma Bank, Iowa,
USA, www.uiowa.edu/~dshbwww/) in TBS plus 20% goat serum. The secondary
antibody was TRITC labeled rabbit anti-mouse (DAKO, Glostrup, Denmark,
www.dako.com) diluted to 1:200.
For BrdU stainings A1 myotbues were fixed for 15 seconds with PFA followed by a
15 minutes fixation with Methanol. The cells were treated with 2N HCl for 12
minutes and washed 4 x in TBS before adding the rhodamine-coupled BrdU antibody
(Tanaka et al, 1997).
An overview of all antibodies used is given in Table 6-2.
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Antibody Dilution   Supplier
pAB-phosphoH3 1:300   upstate
pAB-beta-catenin 1:20   Schneider et al 1996
mAB-Pax7 undiluted   Hybridoma Bank
mAB-Msx1 1:6   Hybridoma Bank
mAB-BrdU 1:100    Tanaka et al 1997
anti-rabbit Cy5 1:200   Dianova
anti-mouse Cy5 1:200   Dianova
anti-mouse TRITC 1:200   DAKO
Table 6-2. Antibodies used in this study and the respective dilutions and suppliers
6.7 TUNEL assay
The TUNEL assay (In Situ Cell Death Detection Kit, TMR red from Roche) was
performed on axolotl tail cryosections according to the manual. The positive control
section was incubated with 30U/ml DnaseI for 10 min at room temperature (RT).
6.8 Molecular biology
6.8.1 RNA extraction from axolotl tissue and cultured A1 cells
To extract total RNA from cells the TRIZOL (Invitrogen) method was used. 1 ml of
TRIZOL was added to 50-100 mg of deep frozen axolotl tissue. The tissue was
homogenized by passing it multiple times through a syringe with a 25 guage needle,
and incubated for 5 min at room temperature (RT). 0.2 ml of chloroform was added
per ml of TRIZOL and the tube was shaken vigorously for 15 sec. After a 3 min
incubation at RT the mixture was centrifuged 15 min at 4C at 10-11,000g. 0.25 ml
isopropanol and 0.25 ml RNA precipitation solution (0.8 M citrate and 1.2 M NaCl)
per ml TRIZOL were added to the aqueous phase and everything was mixed. After 10
min incubation at RT the tube was centrigued for 10 min at 4C at 10,000g and the
supernatant was discarded. The pellet was washed with 1 ml 75% ethanol per ml
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TRIZOL. After 5min centrifugation at 4C and 7,500g the RNA pellet was dried and
dissolved in RNase free water incubating for 10 min at 55-60C. RNA concentrations
were measured on the spectrophotometer. Stocks were kept in liquid nitrogen.
The same protocol was used to extract RNA from A1 cells, but the cells were
lysed directly on a 3.5cm culture dish by adding 1 ml of TRIZOL.
6.8.2 cDNA preparation from total RNA using random primers
150 ng of random primers (Roche) were mixed with 1 µg of RNA, 1 µl of 10 mM
dNTPs and water to 12 µl. The tube was heated for 10 min at 70C and then dropped
to 25C. 4 µl first strand buffer were mixed with 2 µl DTT and 0.5 µl RNase inhibitor,
added to the tube, and incubated at 25C for 10 min. The temperature was increased to
42C and the 1 µl of reverse transcriptase was added to the mixture. Reverse
transcription was performed at 42C for 1 hour. The enzyme was inactivated at 70C for
15 min. cDNA was stored at –20C.
6.8.3 RT-PCR of GFP, Rad and S105N from total RNA of A1 cells
For direct reverse transcription and PCR of genes from total RNA the SuperScript
One-Step RT kit from Invitrogen was used, and the reaction was performed according
to the manual. The primers to PCR Rad and S105N were
5 ’ A C G G C G G C C G C G G C C G G G A C G 3 ’  f o r w a r d  a n d  5 ’
GATCATAGGTGTGCCCTGCTG3’ reverse.
6.8.4 Cloning the 5’ cDNA ends of axolotl Msx1, Pax7 and Shh
The 5‘ ends of axolotl Msx1, Pax7 and Shh genes were cloned by 5’RACE (BD
Bioscience). Part of the sequence of the axolotl Pax7 gene was amplified from cDNA
using degenerate primers. The forward and reverse primers were
5’GGNATCCTNGGCGACAAAG3’ and 5’GCNGAGNTGGAGTTGGTGGT3’
respectively. 5’RACE cDNA was prepared from 6 day axolotl tail blastema total
RNA. The design of the reverse primers used for RACE was based on the amplified
Pax7 sequence and on published Msx1 (D82577) and Shh (CO786463) sequences.
Reverse primer sequences are listed in Table 6-3. Several subsequent PCR reactions
were necessary to clone the 5’end of the Pax7 gene, since each PCR reaction only
yielded a fraction of the total upstream gene sequence. Primers are listed in
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experimental order. All cDNA sequences were verified by comparison to the
homologous sequences from other species.
The full-length Msx1 sequence was amplified using the forward primer from
the 5’RACE kit and the reverse primer 5’CTTATGTCAGGTGGTACATGC3’,
including the Msx1 stop codon. The PCR product was cloned into the pCRII vector
(TA Cloning Kit, Invitrogen) and cut out with the HindIII and NotI restriction
enzymes in order to ligate it into the respective restriction sites of the N2-backbone.
Gene Reverse primer for RACE
Msx1 5’CTCTGCATCCACGGGTTCCTCTCCT3’
Pax7 5’AGTGAGCTTGGTTCTCTGCGCCAAC3’
5’CTGGGTAGTGCGTTCTCTCAAAGGC3’
5’CATCCTTTAGGAGCCTGTCCCTGATC3’
5’CCTCAATCTTCTTCTCCACGTCAGGAGT3’
Shh 5’ATTAGCCTGTCCGCTCCGGTGTTCT3’
Table 6-3. Reverse primers used to clone Msx1, Pax7 and Shh 5’ cDNA ends by RACE
6.9    Morpholinos
All morpholinos used in this study were designed by Gene Tools (Gene Tools LLC,
Philomath, Oregon, USA, www.gene-tools.com) based on the cDNA sequences of the
respective genes. The sequences of all morpholinos used are listed in Table 6-4.
The binding sites of the morpholinos against the Msx1 and the Pax7 mRNA are
depicted in Figure 3-3. All control morpholinos were the 3’ to 5’ inverted sequences
of the respective antisense morpholinos. The standard control fluorescein-tagged
morpholino was also purchased from Gene Tools. The anti-Shh morpholino was
ordered with a fluorescein end label in order to monitor morpholino uptake by the
cells directly.
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Gene Morpholino sequence
eGFP 5’ACAGCTCCTCGCCCTTGCTCACCAT3’
Msx1 5’GCCATGCAGAGCTGGTCCCGTGTGG3’
Pax7 5’GGCGAAGCCCCCAACGCTGAGCCGT3’
Shh 5’TGAGCAGTAGCCGCATCTCGCCCAT3’
Table 6-4. Morpholino sequences used in this study
6.10 In situ hybridization on axolotl tail cryosections
6.10.1In situ hybridization protocol
Axolotl tail tissue was fixed in 4% fresh paraformaldehyde (PFA) overnight at 4C,
washed in PBS, equilibrated in 30% sucrose and embedded in tissue-tek (O.C.T.
compound, Sakura). 16 µm thick cryosections were mounted on Superfrost adhesive
slides and dried at room temperature (RT) for several hours. The sections were
quickly washed in PBS and treated with hybridization denaturation mix (2% SDS,
100mM DTT in 1x PBS) for 20 minutes at RT. After 3 washes in PBS/0.1% tween
the sections were digested with Proteinase K (2-10 µg/ml) for 5 minutes and post-
fixed directly afterwards with PFA for 10 minutes at RT. Slides were washed in
PBS/tween and incubated at RT for 15 minutes in triethanolamine with 0.25% acetic
anhydride. After several washes in PBS/tween slides were prehybridised in
hybridization buffer (50% formamide, 5 x SSC, 5 x Denhardts, 750 µg/ml yeast
RNA) for 1 hour at 68C, and then hybridized overnight at 68C with 500ng/ml DIG-
labeled probe in hybridization solution. Slides were washed twice an hour at 68C in
post-hybridisation solution (50% formamide, 2 x SSC, 0.1% tween) and then three
times 10 minutes at RT in maleic acid buffer (100 mM maleic acid pH7.5, 150 mM
NaCl, 0.1% tween). Sections were blocked in maleic acid buffer plus 10% goat serum
for 1 hour at RT and then incubated overnight at 4C in blocking buffer plus alkaline
phosphatase conjugated anti-DIG antibody (diluted 1:2000). Slides were washed
twice 5 minutes in maleic acid buffer and twice 20 minutes in alkaline phosphatase
buffer (100 mM Tris pH9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% tween). Each slide
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was overlayed with filtered NBT-BCIP (Sigma) for 1-2 days at RT. The staining
reaction was stopped with PBS/tween and the slides mounted in 90% glycerol.
6.10.2 Sequences of genes used for in situ hybridisation
Sense and antisense probes for in situ hybridizations were prepared from the axolotl
Shh  sequence (CO786463), Msx1  sequence (AY525844), Pax6 sequence
(CO784109), Ptc-1 sequence (AY887138) and Sox9 sequence (AY894689). Shh and
Pax6 sequences were derived from EST sequences (Habermann et al., 2004). Axolotl
Sox9 was kindly provided by Martin Kragl. The Ptc-1 sequence was obtained by RT-
PCR from 6-day-blastema total RNA using degenerate primers. Forward primer
sequence was 5’GAGCTGTGGGTGGAAGTTGGTGGA3’ and reverse primer
sequence was 5’AAGGAAAACGTCGTCCACAC3’.
6.10.3 Probe preparation for in situ hybridisations
DNA templates for sense and antisense probes were prepared by PCR from the
respective genes, using primers with Sp6 and T7 polymerase promoter overhangs.
Transcription was performed from the purified PCR product at 37C for 4 hours with
the DIG RNA Labeling Kit (Roche). Probes were purified by precipitation with 100%
ethanol plus 4M LiCl and TE at –20C for 1 hour to overnight and dissolved in RNase-
free water. 500 ng/ml of probe was used for the hybridization procedure.
6.11 Cyclopamine and agonist treatment
Cyclopamine was purchased from Toronto Research Chemicals. Two hedgehog
agonists in the same chemical class as described in (Frank-Kamenetsky et al., 2002)
but with  different EC50 values, were obtained from the Curis Corp,
http://www.curis.com, and tested. Both gave identical results with respect to their
EC50 concentrations. Hh-Ag1.9 is available from the Curis Corp. Unless indicated
otherwise larval axolotls were exposed to cyclopamine and the hedgehog agonist
directly after tail or limb amputation. Cyclopamine-treated axolotls were kept in 20ml
of water plus 600nM cyclopamine (diluted from 5 mM stock solution in ethanol).
Agonist-treated axolotls were kept in 20 ml of water plus 4, 40, 100 or 300 nM
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agonist (diluted from 4 mM stock solution in DMSO). Control animals were kept in
20 ml of water, or 20 ml of water plus 0.0125% ethanol, or 20 ml of water plus the
agonist-equivalent amount of DMSO, or 20 ml of water plus 600nM tomatidine
(Toronto Research Chemicals).
6.12 Alcian Blue staining
Tails were fixed in freshly made PFA overnight at 4C. They were washed 3 x 5 and 3
x 30 minutes in PBS and 20 minutes in PBS/0.1%tween. Tails were equilibrated in 25
and 50% ethanol for 10 minutes each and placed in freshly made Alcian Blue stain
(9mg alcian blue dissolved in 60 ml ethanol plus 40 ml glacial acetic acid). Staining
was carried out at 37C for 1-2 hours. After staining was complete tails were washed
with ethanol/acetic acid mix for 1 hour at RT and rehydrated gradually in 90, 70, 50
and 25% ethanol/PBS. For imaging tails were placed in 75%glycerol/25%PBS.
6.13    Cumulative BrdU labeling of live axolotl
Axolotl tails were amputated and treated with 600 nM cyclopamine or equivalent
amounts of ethanol. Animals were injected intra-peritoneally with 10µg of BrdU (in a
volume of 10µl) every 8 hours starting 3 days post-amputation (dpa).
 6.14 Spinal cord removal from the axolotl tail
Axolotls were anesthetized and the tail was sliced open from the dorsal side until the
level of the spinal cord. The spinal cord was removed over the length of several
segments and the tail was allowed to heal for several days. Mock operated axolotl
tails were opened until the level of the spinal cord and allowed to heal without
removal of the spinal cord. Amputation was performed a few days after the operation.
MATERIALS AND METHODS 122
6.15 NCBI GenBank accession numbers for axolotl genes
cloned in this study
Msx1 AY525844
Pax7 AY523019
Ptc-1 AY887138
Shh AY972523
Wnt3a AY972524
7References
REFERENCES 124
Akam, M. (1987). The molecular basis for metameric pattern in the Drosophila
embryo. Development 101, 1-22.
Arsanto, J. P., Komorowski, T. E., Dupin, F., Caubit, X., Diano, M., Geraudie,
J., Carlson, B. M. and Thouveny, Y. (1992). Formation of the peripheral nervous
system during tail regeneration in urodele amphibians: ultrastructural and
immunohistochemical studies of the origin of the cells. J Exp Zool 264, 273-92.
Avivi, Y., Morad, V., Ben-Meir, H., Zhao, J., Kashkush, K., Tzfira, T., Citovsky,
V. and Grafi, G. (2004). Reorganization of specific chromosomal domains and
activation of silent genes in plant cells acquiring pluripotentiality. Dev Dyn 230, 12-
22.
Baguna, J. (1981). Planarian neoblast. Nature 290, 14-15.
Baguna, J., Salo, E. and Auladell, C. (1989). Regeneration and pattern formation in
planarians. III. Evidence that neoblasts are totipotent stem cells and the source of
blastema cells. Development 107, 77-86.
Bambakidis, N. C., Wang, R. Z., Franic, L. and Miller, R. H. (2003). Sonic
hedgehog-induced neural precursor proliferation after adult rodent spinal cord injury.
J Neurosurg Spine 99, 70-5.
Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E. A., Thomas, J. O.,
Allshire, R. C. and Kouzarides, T. (2001). Selective recognition of methylated
lysine 9 on histone H3 by the HP1 chromo domain. Nature 410, 120-4.
Beauchemin, M., Noiseux, N., Tremblay, M. and Savard, P. (1994). Expression of
Hox A11 in the limb and the regeneration blastema of adult newt. Int J Dev Biol 38,
641-9.
Belleville, S., Beauchemin, M., Tremblay, M., Noiseux, N. and Savard, P. (1992).
Homeobox-containing genes in the newt are organized in clusters similar to other
vertebrates. Gene 114, 179-86.
Benraiss, A., Arsanto, J. P., Coulon, J. and Thouveny, Y. (1997). Neural crest-like
cells originate from the spinal cord during tail regeneration in adult amphibian
urodeles. Dev Dyn 209, 15-28.
Benraiss, A., Arsanto, J. P., Coulon, J. and Thouveny, Y. (1999). Neurogenesis
during caudal spinal cord regeneration in adult newts. Dev Genes Evol 209, 363-9.
Bi, W., Deng, J. M., Zhang, Z., Behringer, R. R. and de Crombrugghe, B. (1999).
Sox9 is required for cartilage formation. Nat Genet 22, 85-9.
Blank, T., Trendelenburg, M. and Kleinschmidt, J. A. (1992). Reactivation of
DNA replication in erythrocyte nuclei by Xenopus egg extract involves energy-
dependent chromatin decondensation and changes in histone phosphorylation. Exp
Cell Res 202, 224-32.
REFERENCES 125
Briscoe, J., Sussel, L., Serup, P., Hartigan-O'Connor, D., Jessell, T. M.,
Rubenstein, J. L. and Ericson, J. (1999). Homeobox gene Nkx2.2 and specification
of neuronal identity by graded Sonic hedgehog signalling. Nature 398, 622-7.
Briscoe, J., Pierani, A., Jessell, T. M., Ericson, J. (2000). A homeodomain protein
code specifies progenitor cell identity and neuronal fate in the ventral neural tube.
Cell 101, 435-45.
Brockes, J. P. (1997). Amphibian limb regeneration: rebuilding a complex structure.
Science 276, 81-7.
Bronner-Fraser, M. and Fraser, S. E. (1997). Differentiation of the vertebrate
neural tube. Curr Opin Cell Biol 9, 885-91.
Brondsted, H. (1969). Planarian Regeneration: Pergamon Press
Butler, E. (1935). The effects of x-irradtiation on the regeneration of the forelimb of
Ambystoma larvae. Anat. Rec. 62, 95-307.
Butler, E. O. B., J. (1942). Effects of localised X-irradiation on the regeneration of
the urodele limb. Anat. Rec. 84, 407-413.
Byrne, J. A., Simonsson, S., Western, P. S. and Gurdon, J. B. (2003). Nuclei of
adult mammalian somatic cells are directly reprogrammed to oct-4 stem cell gene
expression by amphibian oocytes. Curr Biol 13, 1206-13.
Calegari, F., Haubensak, W., Yang, D., Huttner, W. B. and Buchholz, F. (2002).
Tissue-specific RNA interference in postimplantation mouse embryos with
endoribonuclease-prepared short interfering RNA. Proc Natl Acad Sci U S A 99,
14236-40.
Cameron, J. H., AR; Hinterberger, TJ. (1986). Evidence that reserve cells are a
source of regenerated adult newt muscle in vitro. Nature 321, 606-610.
Candia Carnevali, M. D., Bonasoro, F. and Biale, A. (1997). Pattern of
bromodeoxyuridine incorporation in the advanced stages of arm regeneration in the
feather star Antedon mediterranea. Cell Tissue Res 289, 363-74.
Capdevila, J. and Izpisua Belmonte, J. C. (2001). Patterning mechanisms
controlling vertebrate limb development. Annu Rev Cell Dev Biol 17, 87-132.
Carlson, B. M. (1974). Morphogenetic interactions between rotated skin cuffs and
underlying stump tissues in regenerating axolotl forelimbs. Dev Biol 39, 263-85.
Carlson, B. M. (1975). The effects of rotation and positional change of stump tissues
upon morphogenesis of the regenerating axolotl limb. Dev Biol 47, 269-91.
Cavalli, G. and Paro, R. (1998). Chromo-domain proteins: linking chromatin
structure to epigenetic regulation. Curr Opin Cell Biol 10, 354-60.
REFERENCES 126
Chen, J. K., Taipale, J., Cooper, M. K. and Beachy, P. A. (2002). Inhibition of
Hedgehog signaling by direct binding of cyclopamine to Smoothened. Genes Dev 16,
2743-8.
Chen, W. J. and Liem, R. K. (1994). Reexpression of glial fibrillary acidic protein
rescues the ability of astrocytoma cells to form processes in response to neurons. J
Cell Biol 127, 813-23.
Cheung, M. and Briscoe, J. (2003). Neural crest development is regulated by the
transcription factor Sox9. Development 130, 5681-93.
Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Corden, J. L., Westphal, H.
and Beachy, P. A. (1996). Cyclopia and defective axial patterning in mice lacking
Sonic hedgehog gene function. Nature 383, 407-13.
Choi, B. H. (1981). Radial glia of developing human fetal spinal cord: Golgi,
immunohistochemical and electron microscopic study. Brain Res 227, 249-67.
Coonrod, S. A., Bolling, L. C., Wright, P. W., Visconti, P. E. and Herr, J. C.
(2001). A morpholino phenocopy of the mouse mos mutation. Genesis 30, 198-200.
Craig, C. G., Tropepe, V., Morshead, C. M., Reynolds, B. A., Weiss, S. and van
der Kooy, D. (1996). In vivo growth factor expansion of endogenous subependymal
neural precursor cell populations in the adult mouse brain. J Neurosci 16, 2649-58.
Crawford, K. and Stocum, D. L. (1988). Retinoic acid coordinately proximalizes
regenerate pattern and blastema differential affinity in axolotl limbs. Development
102, 687-98.
Culican, S. M., Baumrind, N. L., Yamamoto, M. and Pearlman, A. L. (1990).
Cortical radial glia: identification in tissue culture and evidence for their
transformation to astrocytes. J Neurosci 10, 684-92.
da Silva, S. M., Gates, P. B. and Brockes, J. P. (2002). The newt ortholog of CD59
is implicated in proximodistal identity during amphibian limb regeneration. Dev Cell
3, 547-55.
Doetsch, F., Caille, I., Lim, D. A., Garcia-Verdugo, J. M. and Alvarez-Buylla, A.
(1999). Subventricular zone astrocytes are neural stem cells in the adult mammalian
brain. Cell 97, 703-16.
Donaldson, D. J. and Wilson, J. L. (1975). Dedifferentiation and mitotic activity in
amputated newt tails locally deprived of the spinal cord (including a note on effects of
amputation level on mitosis). J Exp Zool 191, 9-24.
Duval, M., Hsieh, T. F., Kim, S. Y. and Thomas, T. L. (2002). Molecular
characterization of AtNAM: a member of the Arabidopsis NAC domain superfamily.
Plant Mol Biol 50, 237-48.
REFERENCES 127
Eberharter, A. and Becker, P. B. (2002). Histone acetylation: a switch between
repressive and permissive chromatin. Second in review series on chromatin dynamics.
EMBO Rep 3, 224-9.
Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J. A.
and McMahon, A. P. (1993). Sonic hedgehog, a member of a family of putative
signaling molecules, is implicated in the regulation of CNS polarity. Cell 75, 1417-30.
Echeverri, K., Clarke, J. D. and Tanaka, E. M. (2001). In vivo imaging indicates
muscle fiber dedifferentiation is a major contributor to the regenerating tail blastema.
Dev Biol 236, 151-64.
Echeverri, K. and Tanaka, E. M. (2002). Ectoderm to mesoderm lineage switching
during axolotl tail regeneration. Science 298, 1993-6.
Echeverri, K. and Tanaka, E. M. (2003). Electroporation as a tool to study in vivo
spinal cord regeneration. Dev Dyn 226, 418-25.
Echeverri, K. and Tanaka, E. M. (2005). Proximodistal patterning during limb
regeneration. Dev Biol 279, 391-401.
Endo, T., Bryant, S. V. and Gardiner, D. M. (2004). A stepwise model system for
limb regeneration. Dev Biol 270, 135-45.
Egar, M., Simpson, S. B. and Singer, M. (1970). The growth and differentiation of
the regenerating spinal cord of the lizard, Anolis carolinensis. J Morphol 131, 131-51.
Egar, M. and Singer, M. (1972). The role of ependyma in spinal cord regeneration
in the urodele, Triturus. Exp Neurol 37, 422-30.
Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V. and Jessell, T. M.
(1997a). Graded sonic hedgehog signaling and the specification of cell fate in the
ventral neural tube. Cold Spring Harb Symp Quant Biol 62, 451-66.
Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., van
Heyningen, V., Jessell, T. M. and Briscoe, J. (1997b). Pax6 controls progenitor cell
identity and neuronal fate in response to graded Shh signaling. Cell 90, 169-80.
Fan, C. M. and Tessier-Lavigne, M. (1994). Patterning of mammalian somites by
surface ectoderm and notochord: evidence for sclerotome induction by a hedgehog
homolog. Cell 79, 1175-86.
Fan, C. M., Porter, J. A., Chiang, C., Chang, D. T., Beachy, P. A. and Tessier-
Lavigne, M. (1995). Long-range sclerotome induction by sonic hedgehog: direct role
of the amino-terminal cleavage product and modulation by the cyclic AMP signaling
pathway. Cell 81, 457-65.
Fass, E., Shahar, S., Zhao, J., Zemach, A., Avivi, Y. and Grafi, G. (2002).
Phosphorylation of histone h3 at serine 10 cannot account directly for the detachment
REFERENCES 128
of human heterochromatin protein 1gamma from mitotic chromosomes in plant cells.
J Biol Chem 277, 30921-7.
Ferretti, P. and Brockes, J. P. (1988). Culture of newt cells from different tissues
and their expression of a regeneration-associated antigen. J Exp Zool 247, 77-91.
Fontes, M., Marilley, M., Le Parco, Y. and Thouveny, Y. (1980). Variations in
accessibility of DNA during traumatic regeneration by Owenia fusiformis (polychaete
annelid). Cell Differ 9, 83-93.
Fouad, K., Klusman, I. and Schwab, M. E. (2004). Regenerating corticospinal
fibers in the Marmoset (Callitrix jacchus) after spinal cord lesion and treatment with
the anti-Nogo-A antibody IN-1. Eur J Neurosci 20, 2479-82.
Frank-Kamenetsky, M., Zhang, X. M., Bottega, S., Guicherit, O., Wichterle, H.,
Dudek, H., Bumcrot, D., Wang, F. Y., Jones, S., Shulok, J. et al. (2002). Small-
molecule modulators of Hedgehog signaling: identification and characterization of
Smoothened agonists and antagonists. J Biol 1, 10.
Fritsch, C. (1911). Experimentelle Studien ueber Regenerationsvorgaenge des
Gliedmassenskeletts. Zool. Jahrb. Abt. PHYSIOL. 30, 377-472.
Fu, H., Qi, Y., Tan, M., Cai, J., Hu, X., Liu, Z., Jensen, J. and Qiu, M. (2003).
Molecular mapping of the origin of postnatal spinal cord ependymal cells: evidence
that adult ependymal cells are derived from Nkx6.1+ ventral neural progenitor cells. J
Comp Neurol 456, 237-44.
Galun, E. (1981). Plant protoplasts as physiological tools. Annu. Plant Physiol. 32,
237-266.
Gardiner, D. M., Blumberg, B., Komine, Y. and Bryant, S. V. (1995). Regulation
of HoxA expression in developing and regenerating axolotl limbs. Development 121,
1731-41.
Gargioli, C. and Slack, J. M. (2004). Cell lineage tracing during Xenopus tail
regeneration. Development 131, 2669-79.
Gilbert, S. (1985). Developmental Biology: Sinauer Associates
Gonda, K., Fowler, J., Katoku-Kikyo, N., Haroldson, J., Wudel, J. and Kikyo, N.
(2003). Reversible disassembly of somatic nucleoli by the germ cell proteins FRGY2a
and FRGY2b. Nat Cell Biol 5, 205-10.
Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A. and Scott, M.
P. (1996). Conservation of the hedgehog/patched signaling pathway from flies to
mice: induction of a mouse patched gene by Hedgehog. Genes Dev 10, 301-12.
Goss, R. (1956). The relation of bone to the histogenesis of cartilage in regenerating
forelimbs and tails of adult Triturus viridescens. J. Morphol. 98, 89-123.
REFERENCES 129
Goulding, M. D. and Gruss, P. (1989). The homeobox in vertebrate development.
Curr Opin Cell Biol 1, 1088-93.
Goulding, M. D., Lumsden, A. and Gruss, P. (1993). Signals from the notochord
and floor plate regulate the region-specific expression of two Pax genes in the
developing spinal cord. Development 117, 1001-16.
Grafi, G. (2004). How cells dedifferentiate: a lesson from plants. Dev Biol 268, 1-6.
Grewal, S. I. and Moazed, D. (2003). Heterochromatin and epigenetic control of
gene expression. Science 301, 798-802.
Gustafsson, M. K., Pan, H., Pinney, D. F., Liu, Y., Lewandowski, A., Epstein, D.
J. and Emerson, C. P., Jr. (2002). Myf5 is a direct target of long-range Shh
signaling and Gli regulation for muscle specification. Genes Dev 16, 114-26.
Habermann, B., Bebin, A. G., Herklotz, S., Volkmer, M., Eckelt, K., Pehlke, K.,
Epperlein, H. H., Schackert, H. K., Wiebe, G. and Tanaka, E. M. (2004). An
Ambystoma mexicanum EST sequencing project: analysis of 17,352 expressed
sequence tags from embryonic and regenerating blastema cDNA libraries. Genome
Biol 5, R67.
Han, M., Yang, X., Farrington, J. E. and Muneoka, K. (2003). Digit regeneration
is regulated by Msx1 and BMP4 in fetal mice. Development 130, 5123-32.
Hay, E. D. (1959). Electron Microscopic Observations of Muscle Dedifferentiation in
Regenerating Amblystoma Limbs. Developmental Biology 1, 555-585.
Hay, E. D. Fischmann, D.A. (1961). Origin of the blastema in regenerating limbs of
the newt Triturus viridescens. Developmental Biology 3, 26-59.
Hay, E. D. (1974). Cellular basis of regeneration. In ‘Concepts of Development’:
Sinauer Assoc.
Heasman, J., Kofron, M. and Wylie, C. (2000). Beta-catenin signaling activity
dissected in the early Xenopus embryo: a novel antisense approach. Dev Biol 222,
124-34.
Holder, N., Tank, P. W. and Bryant, S. V. (1980). Regeneration of symmetrical
forelimbs in the axolotl, Ambystoma mexicanum. Dev Biol 74, 302-14.
Holder, N., Clarke, J. D., Stephens, N., Wilson, S. W., Orsi, C., Bloomer, T. and
Tonge, D. A. (1991). Continuous growth of the motor system in the axolotl. J Comp
Neurol 303, 534-50.
Holstein, T. W., Hobmayer, E. and David, C. N. (1991). Pattern of epithelial cell
cycling in hydra. Dev Biol 148, 602-11.
REFERENCES 130
Holtzer H., H. S., Avery G. (1955). An experimental analysis of the development of
the spinal column. IV. Morphogenesis of tail vertebrae during regeneration. Journal
of Morphology 96, 145-168.
Holtzer, S. W. (1956). The inductive activity of the spinal cord in urodele tail
regeneration. Journal of Morphology 99, 1-34.
Huxley, J. (1921). Studies in dedifferentiation. Dedifferentiation and resorption in
Perophora. Q J Microsc Sci 65: 643-698.
Iten, L. E. and Bryant, S. V. (1975). The interaction between the blastema and
stump in the establishment of the anterior--posterior and proximal--distal organization
of the limb regenerate. Dev Biol 44, 119-47.
Iten, L. E. and Bryant, S. V. (1976). Stages of tail regeneration in the adult newt,
Notophthalmus viridescens. J Exp Zool 196, 283-92.
Iwashita, Y., Kawaguchi, S. and Murata, M. (1994). Restoration of function by
replacement of spinal cord segments in the rat. Nature 367, 167-70.
Jamet, E., Durr, A., Parmentier, Y., Criqui, M. C. and Fleck, J. (1990). Is
ubiquitin involved in the dedifferentiation of higher plant cells? Cell Differ Dev 29,
37-46.
Jansen, R. P., Hurt, E. C., Kern, H., Lehtonen, H., Carmo-Fonseca, M., Lapeyre,
B. and Tollervey, D. (1991). Evolutionary conservation of the human nucleolar
protein fibrillarin and its functional expression in yeast. J Cell Biol 113, 715-29.
Jenuwein, T. and Allis, C. D. (2001). Translating the histone code. Science 293,
1074-80.
Jostes, B., Walther, C. and Gruss, P. (1990). The murine paired box gene, Pax7, is
expressed specifically during the development of the nervous and muscular system.
Mech Dev 33, 27-37.
Kawakami, A., Kimura-Kawakami, M., Nomura, T. and Fujisawa, H. (1997).
Distributions of PAX6 and PAX7 proteins suggest their involvement in both early and
late phases of chick brain development. Mech Dev 66, 119-30.
Kikyo, N., Wade, P. A., Guschin, D., Ge, H. and Wolffe, A. P. (2000). Active
remodeling of somatic nuclei in egg cytoplasm by the nucleosomal ATPase ISWI.
Science 289, 2360-2.
Kilpatrick, T. J. and Bartlett, P. F. (1993). Cloning and growth of multipotential
neural precursors: requirements for proliferation and differentiation. Neuron 10, 255-
65.
REFERENCES 131
Kockx, M. M., Muhring, J., Knaapen, M. W. and de Meyer, G. R. (1998). RNA
synthesis and splicing interferes with DNA in situ end labeling techniques used to
detect apoptosis. Am J Pathol 152, 885-8.
Kos, R., Reedy, M. V., Johnson, R. L. and Erickson, C. A. (2001). The winged-
helix transcription factor FoxD3 is important for establishing the neural crest lineage
and repressing melanogenesis in avian embryos. Development 128, 1467-79.
Kos, R., Tucker, R. P., Hall, R., Duong, T. D. and Erickson, C. A. (2003).
Methods for introducing morpholinos into the chicken embryo. Dev Dyn 226, 470-7.
Koshiba, K., Kuroiwa, A., Yamamoto, H., Tamura, K. and Ide, H. (1998).
Expression of Msx genes in regenerating and developing limbs of axolotl. J Exp Zool
282, 703-14.
Kumar, A., Velloso, C. P., Imokawa, Y. and Brockes, J. P. (2000). Plasticity of
retrovirus-labelled myotubes in the newt limb regeneration blastema. Dev Biol 218,
125-36.
Lachner, M., O'Carroll, D., Rea, S., Mechtler, K. and Jenuwein, T. (2001).
Methylation of histone H3 lysine 9 creates a binding site for HP1 proteins. Nature
410, 116-20.
Lai, K., Kaspar, B. K., Gage, F. H. and Schaffer, D. V. (2003). Sonic hedgehog
regulates adult neural progenitor proliferation in vitro and in vivo. Nat Neurosci 6,
21-7.
Laufer, E., Nelson, C. E., Johnson, R. L., Morgan, B. A. and Tabin, C. (1994).
Sonic hedgehog and Fgf-4 act through a signaling cascade and feedback loop to
integrate growth and patterning of the developing limb bud. Cell 79, 993-1003.
Lee, K. J., Dietrich, P. and Jessell, T. M. (2000). Genetic ablation reveals that the
roof plate is essential for dorsal interneuron specification. Nature 403, 734-40.
Lee, Y. H., Aoki, Y., Hong, C. S., Saint-Germain, N., Credidio, C. and Saint-
Jeannet, J. P. (2004). Early requirement of the transcriptional activator Sox9 for
neural crest specification in Xenopus. Dev Biol 275, 93-103.
Lele, Z., Bakkers, J. and Hammerschmidt, M. (2001). Morpholino phenocopies of
the swirl, snailhouse, somitabun, minifin, silberblick, and pipetail mutations. Genesis
30, 190-4.
Levitt, P. and Rakic, P. (1980). Immunoperoxidase localization of glial fibrillary
acidic protein in radial glial cells and astrocytes of the developing rhesus monkey
brain. J Comp Neurol 193, 815-40.
Liem, K. F., Jr., Tremml, G. and Jessell, T. M. (1997). A role for the roof plate and
its resident TGFbeta-related proteins in neuronal patterning in the dorsal spinal cord.
Cell 91, 127-38.
REFERENCES 132
Liem, K. F., Jr., Tremml, G., Roelink, H. and Jessell, T. M. (1995). Dorsal
differentiation of neural plate cells induced by BMP-mediated signals from epidermal
ectoderm. Cell 82, 969-79.
Li, M., Zhao, C., Wang, Y., Zhao, Z. and Meng, A. (2002). Zebrafish sox9b is an
early neural crest marker. Dev Genes Evol 212, 203-6.
Litingtung, Y. and Chiang, C. (2000). Control of Shh activity and signaling in the
neural tube. Dev Dyn 219, 143-54.
Lo, D. C., Allen, F. and Brockes, J. P. (1993). Reversal of muscle differentiation
during urodele limb regeneration. Proc Natl Acad Sci U S A 90, 7230-4.
Machold, R., Hayashi, S., Rutlin, M., Muzumdar, M. D., Nery, S., Corbin, J. G.,
Gritli-Linde, A., Dellovade, T., Porter, J. A., Rubin, L. L. et al. (2003). Sonic
hedgehog is required for progenitor cell maintenance in telencephalic stem cell
niches. Neuron 39, 937-50.
Maden, M. (1982). Vitamin A and pattern formation in the regenerating limb. Nature
295, 672-5.
Mansouri, A., Stoykova, A., Torres, M. and Gruss, P. (1996). Dysgenesis of
cephalic neural crest derivatives in Pax7-/- mutant mice. Development 122, 831-8.
Mansouri, A. and Gruss, P. (1998). Pax3 and Pax7 are expressed in commissural
neurons and restrict ventral neuronal identity in the spinal cord. Mech Dev 78, 171-8.
Marcelle, C., Ahlgren, S. and Bronner-Fraser, M. (1999). In vivo regulation of
somite differentiation and proliferation by Sonic Hedgehog. Dev Biol 214, 277-87.
Marti, E. and Bovolenta, P. (2002). Sonic hedgehog in CNS development: one
signal, multiple outputs. Trends Neurosci 25, 89-96.
McGann, C. J., Odelberg, S. J. and Keating, M. T. (2001). Mammalian myotube
dedifferentiation induced by newt regeneration extract. Proc Natl Acad Sci U S A 98,
13699-704.
Mellitzer, G., Hallonet, M., Chen, L. and Ang, S. L. (2002). Spatial and temporal
'knock down' of gene expression by electroporation of double-stranded RNA and
morpholinos into early postimplantation mouse embryos. Mech Dev 118, 57-63.
Mercader, N., Leonardo, E., Azpiazu, N., Serrano, A., Morata, G., Martinez, C.
and Torres, M. (1999). Conserved regulation of proximodistal limb axis
development by Meis1/Hth. Nature 402, 425-9.
Mercader, N., Leonardo, E., Piedra, M. E., Martinez, A. C., Ros, M. A. and
Torres, M. (2000). Opposing RA and FGF signals control proximodistal vertebrate
limb development through regulation of Meis genes. Development 127, 3961-70.
REFERENCES 133
Mescher, A. L. (1996). The cellular basis of limb regeneration in urodeles. Int J Dev
Biol 40, 785-95.
Michalopoulos, G. K. and DeFrances, M. C. (1997). Liver regeneration. Science
276, 60-6.
Miho, Y., Kouroku, Y., Fujita, E., Mukasa, T., Urase, K., Kasahara, T., Isoai, A.,
Momoi, M. Y. and Momoi, T. (1999). bFGF inhibits the activation of caspase-3 and
apoptosis of P19 embryonal carcinoma cells during neuronal differentiation. Cell
Death Differ 6, 463-70.
Mocchetti, I., Rabin, S. J., Colangelo, A. M., Whittemore, S. R. and Wrathall, J.
R. (1996). Increased basic fibroblast growth factor expression following contusive
spinal cord injury. Exp Neurol 141, 154-64.
Morgan, T. H. (1898). Experimental studies of the regeneration in Planaria
maculata. Wilhelm Roux Arch. Entwicklungsmech. Org. 7, 364-397.
Morgan, T. (1901). Regeneration. New York: The Macmillan Company. 316pp
Muneoka, K., Fox, W. F. and Bryant, S. V. (1986). Cellular contribution from
dermis and cartilage to the regenerating limb blastema in axolotls. Dev Biol 116, 256-
60.
Murtaugh, L. C., Chyung, J. H. and Lassar, A. B. (1999). Sonic hedgehog
promotes somitic chondrogenesis by altering the cellular response to BMP signaling.
Genes Dev 13, 225-37.
Nardi, J. B. S., D.L. (1983). Surface properties of regenerating limb cells: Evidence
for gradation along the proximodistal axis. Differentiation 25, 27-31.
Nasevicius, A. and Ekker, S. C. (2000). Effective targeted gene 'knockdown' in
zebrafish. Nat Genet 26, 216-20.
Ng, R. K. and Gurdon, J. B. (2005). Epigenetic memory of active gene transcription
is inherited through somatic cell nuclear transfer. Proc Natl Acad Sci U S A 102,
1957-62.
Nicolas, S., Papillon, D., Perez, Y., Caubit, X. and Le Parco, Y. (2003). The spatial
restrictions of 5'HoxC genes expression are maintained in adult newt spinal cord. Biol
Cell 95, 589-94.
Niswander, L., Jeffrey, S., Martin, G. R. and Tickle, C. (1994). A positive
feedback loop coordinates growth and patterning in the vertebrate limb. Nature 371,
609-12.
Nordlander, R. H. and Singer, M. (1978). The role of ependyma in regeneration of
the spinal cord in the urodele amphibian tail. J Comp Neurol 180, 349-74.
REFERENCES 134
Nusslein-Volhard, C., Frohnhofer, H. G. and Lehmann, R. (1987). Determination
of anteroposterior polarity in Drosophila. Science 238, 1675-81.
Odelberg, S. J., Kollhoff, A. and Keating, M. T. (2000). Dedifferentiation of
mammalian myotubes induced by msx1. Cell 103, 1099-109.
O'Hara, C. M., Egar, M. W. and Chernoff, E. A. (1992). Reorganization of the
ependyma during axolotl spinal cord regeneration: changes in intermediate filament
and fibronectin expression. Dev Dyn 193, 103-15.
O'Hara, C. M. and Chernoff, E. A. (1994). Growth factor modulation of injury-
reactive ependymal cell proliferation and migration. Tissue Cell 26, 599-611.
Palma, V., Lim, D. A., Dahmane, N., Sanchez, P., Brionne, T. C., Herzberg, C.
D., Gitton, Y., Carleton, A., Alvarez-Buylla, A. and Ruiz i Altaba, A. (2005).
Sonic hedgehog controls stem cell behavior in the postnatal and adult brain.
Development 132, 335-44.
Pan, G. J., Chang, Z. Y., Scholer, H. R. and Pei, D. (2002). Stem cell pluripotency
and transcription factor Oct4. Cell Res 12, 321-9.
Park, H. D., Ortmeyer, A. B. and Blankenbaker, D. P. (1970). Cell division during
regeneration in Hydra. Nature 227, 617-9.
Pescitelli, M. J., Jr. and Stocum, D. L. (1980). The origin of skeletal structures
during intercalary regeneration of larval Ambystoma limbs. Dev Biol 79, 255-75.
Peters, H., Wilm, B., Sakai, N., Imai, K., Maas, R. and Balling, R. (1999). Pax1
and Pax9 synergistically regulate vertebral column development. Development 126,
5399-408.
Piatt, J. (1955). Regeneration of the spinal cord in the salamander. J. Exp. Zool. 29,
177-208.
Pokutta, S. and Weis, W. I. (2002). The cytoplasmic face of cell contact sites. Curr
Opin Struct Biol 12, 255-62.
Prockop, D. J. (1997). Marrow stromal cells as stem cells for nonhematopoietic
tissues. Science 276, 71-4.
Rabchevsky, A. G., Fugaccia, I., Turner, A. F., Blades, D. A., Mattson, M. P. and
Scheff, S. W. (2000). Basic fibroblast growth factor (bFGF) enhances functional
recovery following severe spinal cord injury to the rat. Exp Neurol 164, 280-91.
Ramos, C., Martinez, A., Robert, B. and Soriano, E. (2004). Msx1 expression in
the adult mouse brain: characterization of populations of beta-galactosidase-positive
cells in the hippocampus and fimbria. Neuroscience 127, 893-900.
REFERENCES 135
Ray, J., Peterson, D. A., Schinstine, M. and Gage, F. H. (1993). Proliferation,
differentiation, and long-term culture of primary hippocampal neurons. Proc Natl
Acad Sci U S A 90, 3602-6.
Rea, S., Eisenhaber, F., O'Carroll, D., Strahl, B. D., Sun, Z. W., Schmid, M.,
Opravil, S., Mechtler, K., Ponting, C. P., Allis, C. D. et al. (2000). Regulation of
chromatin structure by site-specific histone H3 methyltransferases. Nature 406, 593-
9.
Reddien, P. W. and Sanchez Alvarado, A. (2004). Fundamentals of Planarian
Regeneration. Annu Rev Cell Dev Biol.
Reyer, R. W. (1954). Regeneration of the lens in the amphibian eye. Q Rev Biol 29,
1-46.
Reynet, C. and Kahn, C. R. (1993). Rad: a member of the Ras family overexpressed
in muscle of type II diabetic humans. Science 262, 1441-4.
Reynolds, B. A. and Weiss, S. (1992). Generation of neurons and astrocytes from
isolated cells of the adult mammalian central nervous system. Science 255, 1707-10.
Rideout, W. M., 3rd, Eggan, K. and Jaenisch, R. (2001). Nuclear cloning and
epigenetic reprogramming of the genome. Science 293, 1093-8.
Robert, B., Sassoon, D., Jacq, B., Gehring, W. and Buckingham, M. (1989). Hox-
7, a mouse homeobox gene with a novel pattern of expression during embryogenesis.
Embo J 8, 91-100.
Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T., Beachy, P. A.
and Jessell, T. M. (1995). Floor plate and motor neuron induction by different
concentrations of the amino-terminal cleavage product of sonic hedgehog
autoproteolysis. Cell 81, 445-55.
Rosania, G. R., Chang, Y. T., Perez, O., Sutherlin, D., Dong, H., Lockhart, D. J.
and Schultz, P. G. (2000). Myoseverin, a microtubule-binding molecule with novel
cellular effects. Nat Biotechnol 18, 304-8.
Roy, S. and Gardiner, D. M. (2002). Cyclopamine induces digit loss in regenerating
axolotl limbs. J Exp Zool 293, 186-90.
Ryffel, G. U., Werdien, D., Turan, G., Gerhards, A., Goosses, S. and Senkel, S.
(2003). Tagging muscle cell lineages in development and tail regeneration using Cre
recombinase in transgenic Xenopus. Nucleic Acids Res 31, e44.
Sanchez Alvarado, A. and Newmark, P. A. (1998). The use of planarians to dissect
the molecular basis of metazoan regeneration. Wound Repair Regen 6, 413-20.
Sanchez Alvarado, A. (2000). Regeneration in the metazoans: why does it happen?
Bioessays 22, 578-90.
REFERENCES 136
Saunders, N. R., Kitchener, P., Knott, G. W., Nicholls, J. G., Potter, A. and
Smith, T. J. (1998). Development of walking, swimming and neuronal connections
after complete spinal cord transection in the neonatal opossum, Monodelphis
domestica. J Neurosci 18, 339-55.
Schneider, S., Steinbeisser, H., Warga, R. M. and Hausen, P. (1996). Beta-catenin
translocation into nuclei demarcates the dorsalizing centers in frog and fish embryos.
Mech Dev 57, 191-8.
Seale, P., Sabourin, L. A., Girgis-Gabardo, A., Mansouri, A., Gruss, P. and
Rudnicki, M. A. (2000). Pax7 is required for the specification of myogenic satellite
cells. Cell 102, 777-86.
Shimizu-Nishikawa, K., Tsuji, S. and Yoshizato, K. (2001). Identification and
characterization of newt rad (ras associated with diabetes), a gene specifically
expressed in regenerating limb muscle. Dev Dyn 220, 74-86.
Simon, H. G. and Tabin, C. J. (1993). Analysis of Hox-4.5 and Hox-3.6 expression
during newt limb regeneration: differential regulation of paralogous Hox genes
suggest different roles for members of different Hox clusters. Development 117,
1397-407.
Slack, J. M., Beck, C. W., Gargioli, C. and Christen, B. (2004). Cellular and
molecular mechanisms of regeneration in Xenopus. Philos Trans R Soc Lond B Biol
Sci 359, 745-51.
Solter, D. (2000). Mammalian cloning: advances and limitations. Nat Rev Genet 1,
199-207.
Song, K., Wang, Y. and Sassoon, D. (1992). Expression of Hox-7.1 in myoblasts
inhibits terminal differentiation and induces cell transformation. Nature 360, 477-81.
Song, M. R. and Ghosh, A. (2004). FGF2-induced chromatin remodeling regulates
CNTF-mediated gene expression and astrocyte differentiation. Nat Neurosci 7, 229-
35.
Souer, E., van Houwelingen, A., Kloos, D., Mol, J. and Koes, R. (1996). The no
apical meristem gene of Petunia is required for pattern formation in embryos and
flowers and is expressed at meristem and primordia boundaries. Cell 85, 159-70.
Spallanzani, L. (1768). Prodromo di un Opera spra la Riproduzioni Animali.
Modena.
Stanek, D., Koberna, K., Pliss, A., Malinsky, J., Masata, M., Vecerova, J.,
Risueno, M. C. and Raska, I. (2001). Non-isotopic mapping of ribosomal RNA
synthesis and processing in the nucleolus. Chromosoma 110, 460-70.
Steen, T. P. (1968). Stability of chondrocyte differentiation and contribution of
muscle to cartilage during limb regeneration in the axolotl (Siredon mexicanum). J
Exp Zool 167, 49-78.
REFERENCES 137
Stocum, D. L. (1975). Regulation after proximal or distal transposition of limb
regeneration blastemas and determination of the proximal boundary of the regenerate.
Dev Biol 45, 112-36.
Stocum, D. L. and Melton, D. A. (1977). Self-organizational capacity of distally
transplanted limb regeneration blastemas in larval salamanders. J Exp Zool 201, 451-
61.
Taipale, J., Chen, J. K., Cooper, M. K., Wang, B., Mann, R. K., Milenkovic, L.,
Scott, M. P. and Beachy, P. A. (2000). Effects of oncogenic mutations in
Smoothened and Patched can be reversed by cyclopamine. Nature 406, 1005-9.
Tajbakhsh, S., Vivarelli, E., Cusella-De Angelis, G., Rocancourt, D.,
Buckingham, M. and Cossu, G. (1994). A population of myogenic cells derived
from the mouse neural tube. Neuron 13, 813-21.
Takebe, I., Labib, G., Melchers, G. (1971). Regeneration of whole plants from
isolated mesophyll protoplasts ot tabacco. Naturwissenschaften 58, 318-320.
Tanabe, Y. and Jessell, T. M. (1996). Diversity and pattern in the developing spinal
cord. Science 274, 1115-23.
Tanaka, E. M., Gann, A. A., Gates, P. B. and Brockes, J. P. (1997). Newt
myotubes reenter the cell cycle by phosphorylation of the retinoblastoma protein. J
Cell Biol 136, 155-65.
Tanaka, E. M., Drechsel, D. N. and Brockes, J. P. (1999). Thrombin regulates S-
phase re-entry by cultured newt myotubes. Curr Biol 9, 792-9.
Tank, P. W. (1981). The ability of localized implants of whole or minced dermis to
disrupt pattern formation in the regenerating forelimb of the axolotl. Am J Anat 162,
315-26.
Tavella, S., Biticchi, R., Schito, A., Minina, E., Di Martino, D., Pagano, A.,
Vortkamp, A., Horton, W. A., Cancedda, R. and Garofalo, S. (2004). Targeted
expression of SHH affects chondrocyte differentiation, growth plate organization, and
Sox9 expression. J Bone Miner Res 19, 1678-88.
Terman, J. R., Wang, X. M. and Martin, G. F. (2000). Repair of the transected
spinal cord at different stages of development in the North American opossum,
Didelphis virginiana. Brain Res Bull 53, 845-55.
Thornton, C. (1942). Studies on the origin of the regeneration blastema in Triturus
viridescens. Journal of Experimental Zoology 89, 375-390.
Timmer, J. R., Wang, C. and Niswander, L. (2002). BMP signaling patterns the
dorsal and intermediate neural tube via regulation of homeobox and helix-loop-helix
transcription factors. Development 129, 2459-72.
REFERENCES 138
Tollervey, D., Lehtonen, H., Carmo-Fonseca, M. and Hurt, E. C. (1991). The
small nucleolar RNP protein NOP1 (fibrillarin) is required for pre-rRNA processing
in yeast. Embo J 10, 573-83.
Tollervey, D., Lehtonen, H., Jansen, R., Kern, H. and Hurt, E. C. (1993).
Temperature-sensitive mutations demonstrate roles for yeast fibrillarin in pre-rRNA
processing, pre-rRNA methylation, and ribosome assembly. Cell 72, 443-57.
Torok, M. A., Gardiner, D. M., Izpisua-Belmonte, J. C. and Bryant, S. V. (1999).
Sonic hedgehog (shh) expression in developing and regenerating axolotl limbs. J Exp
Zool 284, 197-206.
Traiffort, E., Charytoniuk, D. A., Faure, H. and Ruat, M. (1998). Regional
distribution of Sonic Hedgehog, patched, and smoothened mRNA in the adult rat
brain. J Neurochem 70, 1327-30.
Tribulo, C., Aybar, M. J., Nguyen, V. H., Mullins, M. C. and Mayor, R. (2003).
Regulation of Msx genes by a Bmp gradient is essential for neural crest specification.
Development 130, 6441-52.
Valente, O. T., W.; Verbelen, J.P. (1998). Auxins and cytokinins DNA
endoreduplication and deduplication in single cells of the tobacco. Plant Sci. 134,
207-215.
Velloso, C. P., Kumar, A., Tanaka, E. M. and Brockes, J. P. (2000). Generation of
mononucleate cells from post-mitotic myotubes proceeds in the absence of cell cycle
progression. Differentiation 66, 239-46.
Velloso, C. P., Simon, A. and Brockes, J. P. (2001). Mammalian postmitotic nuclei
reenter the cell cycle after serum stimulation in newt/mouse hybrid myotubes. Curr
Biol 11, 855-8.
Voigt, T. (1989). Development of glial cells in the cerebral wall of ferrets: direct
tracing of their transformation from radial glia into astrocytes. J Comp Neurol 289,
74-88.
Walder, S., Zhang, F. and Ferretti, P. (2003). Up-regulation of neural stem cell
markers suggests the occurrence of dedifferentiation in regenerating spinal cord. Dev
Genes Evol 213, 625-30.
Walther, C. and Gruss, P. (1991). Pax-6, a murine paired box gene, is expressed in
the developing CNS. Development 113, 1435-49.
Weiss, P. (1939). Principles of Development: Holt, New York.
Williams, L., Zhao, J., Morozova, N., Li, Y., Avivi, Y. and Grafi, G. (2003).
Chromatin reorganization accompanying cellular dedifferentiation is associated with
modifications of histone H3, redistribution of HP1, and activation of E2F-target
genes. Dev Dyn 228, 113-20.
REFERENCES 139
Woloshin, P., Song, K., Degnin, C., Killary, A. M., Goldhamer, D. J., Sassoon, D.
and Thayer, M. J. (1995). MSX1 inhibits myoD expression in fibroblast x 10T1/2
cell hybrids. Cell 82, 611-20.
Wright, C. V., Cho, K. W., Oliver, G. and De Robertis, E. M. (1989). Vertebrate
homeodomain proteins: families of region-specific transcription factors. Trends
Biochem Sci 14, 52-6.
Yamamoto, S., Nagao, M., Sugimori, M., Kosako, H., Nakatomi, H., Yamamoto,
N., Takebayashi, H., Nabeshima, Y., Kitamura, T., Weinmaster, G. et al. (2001).
Transcription factor expression and Notch-dependent regulation of neural progenitors
in the adult rat spinal cord. J Neurosci 21, 9814-23.
Zamora, A. J. (1978). The ependymal and glial configuration in the spinal cord of
urodeles. Anat Embryol (Berl) 154, 67-82.
Zeng, L., Kempf, H., Murtaugh, L. C., Sato, M. E. and Lassar, A. B. (2002). Shh
establishes an Nkx3.2/Sox9 autoregulatory loop that is maintained by BMP signals to
induce somitic chondrogenesis. Genes Dev 16, 1990-2005.
Zhang, F., Clarke, J. D. and Ferretti, P. (2000). FGF-2 Up-regulation and
proliferation of neural progenitors in the regenerating amphibian spinal cord in vivo.
Dev Biol 225, 381-91.
Zhang, F., Clarke, J. D., Santos-Ruiz, L. and Ferretti, P. (2002). Differential
regulation of fibroblast growth factor receptors in the regenerating amphibian spinal
cord in vivo. Neuroscience 114, 837-48.
Zhang, F., Ferretti, P. and Clarke, J. D. (2003). Recruitment of postmitotic neurons
into the regenerating spinal cord of urodeles. Dev Dyn 226, 341-8.
Zhang, Y. and Reinberg, D. (2001). Transcription regulation by histone
methylation: interplay between different covalent modifications of the core histone
tails. Genes Dev 15, 2343-60.
Zhao, J., Morozova, N., Williams, L., Libs, L., Avivi, Y. and Grafi, G. (2001).
Two phases of chromatin decondensation during dedifferentiation of plant cells:
distinction between competence for cell fate switch and a commitment for S phase. J
Biol Chem 276, 22772-8.
Zhu, J., Reynet, C., Caldwell, J. S. and Kahn, C. R. (1995). Characterization of
Rad, a new member of Ras/GTPase superfamily, and its regulation by a unique
GTPase-activating protein (GAP)-like activity. J Biol Chem 270, 4805-12.
Zhu, J., Bilan, P. J., Moyers, J. S., Antonetti, D. A. and Kahn, C. R. (1996). Rad,
a novel Ras-related GTPase, interacts with skeletal muscle beta-tropomyosin. J Biol
Chem 271, 768-73.
REFERENCES 140
Zhu, J., Tseng, Y. H., Kantor, J. D., Rhodes, C. J., Zetter, B. R., Moyers, J. S.
and Kahn, C. R. (1999). Interaction of the Ras-related protein associated with
diabetes rad and the putative tumor metastasis suppressor NM23 provides a novel
mechanism of GTPase regulation. Proc Natl Acad Sci U S A 96, 14911-8.
8Publications
PUBLICATIONS 142
Schnapp, E. and Tanaka, E.M. (2005). Quantitative Evaluation of Morpholino-
Mediated Protein Knockdown of GFP, PAX7, and MSX1 during Tail Regeneration in
Ambystoma mexicanum. Dev Dyn 232, 162-170.
Schnapp, E., Kragl, M., Rubin, L., Tanaka, E.M. (2005). Hedgehog signaling
controls dorsal/ventral patterning, blastema cell proliferation and cartilage induction
during axolotl tail regeneration. Development in press
I herewith declare that I have produced this paper without the prohibited
assistance of third parties and without making use of aids other than those
specified; notions taken over directly or indirectly from other sources have been
identified as such. This paper has not previously been presented in identical or
similar form to any other German or foreign examination board.
The thesis work was conducted from 01.10.2001 - 31.03.2005 under the
supervision of Prof. Dr. Francis Stewart at the Max Planck Institute for Molecular
Cell Biology and Genetics in Dr. Elly Tanaka’s laboratory.
Dresden, 04.04.2005
